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Stellingen 
1 . Een adequate beoordel ing van de tox ico log ische r is ico 's van chroom in 
het Neder landse oppe rv lak tewa te r w o r d t bemoei l i jk t door het o n t b r e k e n van 
re levante in format ie over de chemische vorm waar in het metaal voo rkomt . 
Dit proefschrift. 
2. De inv loed van de z u u r g r a a d op de acute tox i c i t e i t van zeswaardig chroom 
voor de regenboogfore l is voorspe lbaar op basis van een s t r i k t add i t ieve 
t ox i c i t e i t van hyd roch romaa t - en ch romaat - ionen . 
Dit proefschrift. 
3. De door Payan en Mat ty on tw i kke lde k ieuwper fus ie techn iek b ied t een goe-
de mogel i jkhe id om na te gaan welke in oppe rv lak tewa te r aanwezige metaal-
ionen-species besch ikbaar z i jn voor opname door v i s sen . 
P. Payan and A.J . Matty, J. comp. Physiol. 96 (1975) 167-184. 
Dit proefschrift. 
4 . De conclusie van Schube r t e . a . dat de mutagen i te i t van zeswaardig 
chroom is t e r u g te voeren op het i n t race l l u l a i r gevormde d r iewaard ig chroom 
is v o o r b a r i g gezien de bev ind ingen van Polnaszek. 
J. Schubert, F.J. Teslik, S.K. Wiederhold and J.M. Gentile, 
Environ, mutagenesis 1 (1979) 164. 
C.F. Polnaszek, Fed. Proc. 40 (1981) 715. 
5. De c lass i f icat ie van sommige k ieuwepi theelce l len op basis van hun c y t o -
plasmatische d i ch the id in " d a r k ce l ls" en "dense ce l ls" w i j s t op de noodzaak 
van voor tgaand onderzoek naar ce ld i f f e ren t ia t i e processen in d i t weefse l . 
C.M. Morrison, J. Fish Biol. 15 (1979) 601-605. 
M. Morgan and P.W.A. Tovell, Z. Zellforsch. 142 (1973) 147-167. 
6. Bi j de bes tude r i ng van het resp i ra t i eged rag van v issen in con t inu door -
stroomde systemen d ien t het s t romingspa t roon te worden g e k a r a k t e r i s e e r d . 
:..;-!.*.**-* 
7. De door Marking beschreven discrepantie tussen de toxiciteits- en disso-
ciatiecurve van antimycine dient primair te worden toegeschreven aan de 
chemische degradatie van antimycine in alkalisch milieu en houdt in mindere 
mate verband met een foutieve bepaling van de dissociatieconstante. 
L.L. Mark ing , J . F ish. Res. Board Can. 32 (1975) 769-773. 
8. De voorschriften die op het ogenblik tot stand komen op het gebied van 
toxiciteitsonderzoek zijn teveel gericht op een routinematige screening waar-
door het gevaar ontstaat dat onvoldoende inzicht wordt verkregen in wer-
kingsmechanismen, welke noodzakelijk is voor een goede risico-evaluatie. 
Commissie Toelating Bestr i jd ingsmiddelen. Aanvraag tot toelat ing 
bestr i jd ingsmiddelen, onderdeel E. Jan. 1981. 
OECD-guidel ine for test ing chemicals. Feb. 1981. 
9. Het ware wenselijk de mogelijkheid te hebben evenals bij straling het ge-
val is, de toegevoegde risico's van mutagenen en carcinogenen te relateren 
aan de "natuurl i jke" achtergrond. 
10. Gezien het toenemende multiculturele karakter van de Nederlandse sa-
menleving en de geringe kans op terugkeer van etnische minderheden naar 
hun land van herkomst, verdient intercultureel onderwijs de prior i tei t boven 
bicultureel onderwijs. 
11. In het kader van interlandelijke adoptie heeft de overheid van ontvan-
gende landen de plicht op effectieve wijze te voorkomen dat aspirant adop-
tiefouders een kind dat op illegale wijze is verworven, gaan verzorgen en 
adopteren. 
12. Deeltijdarbeid is niet altijd gedeelde arbeid. 
I ksan van der Putte 
An assessment of the environmental tox ic i t y of hexavalent chromium 
in f ish 
Wageningen, 21 oktober 1981 
There are a number of levels of 
biological integration and each 
level finds its explanation of 
mechanisms in the levels below, 
and its significance in the 
levels above. 
G. A. Bartholomew 
Aan Gerja en Pepijn 
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General introduction 
Occurrence of chromium in the aquatic environment 
At present chromium is a common contaminant in surface waters in many 
countries. Various sources contribute to the contamination. These include 
atmospheric emissions from industry and households and runoff from agricul-
ture. However, the most important source is the waste water from industrial 
and domestic origin fed directly into the aquatic system (Förstner and Witt-
mann, 1979; NRCC, 1976). In the Netherlands the amounts of chromium i n -
troduced by the r ivers Rhine and Meuse constitute the major sources of 
chromium pollution of surface waters. An additional amount is discharged by 
industries (Table I ) . 
TABLE I 
Estimated amounts of chromium (tons/year) discharged in the Netherlands. 
Source: IMP (1975; 1981). 
Year Total Industrial Released into Introduced by 
discharge discharge surface waters Rhine and Meuse 























Since its discovery by the French chemist Vauquelin in 1797, world's us-
age of chromium has increased up to 17.10s tons/year (Förstner and Witt-
mann, 1979) and the element is now the most ubiquitous of all metals used 
in industrial activities (Dean et a l . , 1972). Chromium salts are used exten-
sively in the metal f inishing industry (electroplat ing), the leather industry 
( tanning) , the texti le industry (mordants) and in catalytic manufacture. 
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They are also present in cooling waters, pigments and primer paints, and 
in fungicides and wood preservatives. A survey of various industries dis-
charging chromium waste water in the Netherlands is given in Table I I . It 
is obvious that the total industrial discharge has been reduced markedly in 
the period between 1975 and 1980. In the next period of f ive years (1980-
1985) the reduction in chromium discharge is predicted to be much smaller, 
although continuing progress is being made in reducing or recycling the 
waste water in certain industries e .g . the leather (IMP, 1981) and metal f i n -
ishing industry (Eversteijn and Van Deursen, 1979). 
TABLE II 
Estimated amounts of chromium (tons/year) discharged by various industries 
in the Netherlands. Source: IMP (1981). 
Industry 1975 1980 1985a 
Textile 
Leather tanning 
Photography and pr int ing 
Fertilizers 
Chemical raw material 
Chemical products 
Basic steel works 


































390 140 110 
Prognosis 
In Dutch surface waters total chromium concentrations have been reported 
to range from 9 to 88 pg/l (Str ik et a l . , 1975). Sometimes local values of 240 
Hg/I (RIZA, 1978, in correspondence) to 1000 pg/l (Str ik et a l . , 1975) are 
found. 
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Values f o r to ta l and d isso lved chromium concent ra t ions at some sampl ing loca-
t ions in 1980 are g iven in Table I I I . 
Kopp and Kroner (1969) f ound d isso lved chromium in 24.5% of the water sam-
ples taken f rom r i v e r s and lakes in the Uni ted S ta tes ; t he mean concent ra t ion 
was 9.7 p g / l , and the range was 1 to 121 p g / l . Natura l backg round levels 
ace est imated to be <1 pg / l ( N R C C , 1976; Förs tner and Wi t tmann, 1979). 
TABLE I I I 
Total and d isso lved chromium concent ra t ions in Dutch sur face waters at some 
sampl ing locat ions in 1980. A f t e r R i j kswaters taa t (1980) . 
Tota l chromium concn . 
p g / l Cr 
Dissolved chromium concn . 
p g / l Cr 
Location mean range mean range 
Rhine - ( L o b i t h ) 
Ussel - (Kampen) 
Meuse - (Eysden ) 
West Sche ld t -














0 - 13 
0 - 6 
0 - 6 
0 - 5 
Aqua t i c chemis t ry of chromium 
The most impor tan t ox ida t ion s ta tes , in wh ich chromium is used by i n d u s -
t r i es and in wh ich i t is p resen t in sur face waters are the t r i v a l e n t and 
hexava lent s ta tes . These two ox ida t ion states are the most stable forms of 
the element, t ha t may have ox ida t ion states r ang ing f rom -2 to +6 (Co t ton 
and Wi l k inson , 1972). 
T r i v a l e n t ch romium, C r ( l l l ) , is a pos i t i ve l y charged ion w i t h a s t r ong 
tendency to form stable complexes w i t h nega t i ve ly charged o rgan ic or i n o r -
ganic species. Hence i t is u n l i k e l y t h a t apprec iab le quan t i t i es of uncomplexed 
C r ( l l l ) wi l l be found in water con ta in ing any anionic d isso lved or pa r t i cu la te 
mat ter ( e . g . decay ing p lant o r s i l t o r c lay p a r t i c l e s ) . Even i f no anionic spe-
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cies are present, C r ( l l l ) can react with water itself to form colloidal hy-
drous oxides (U.S. EPA, 1978; Cotton and Wilkinson, 1972; NRCC, 1976). 
Hexavalent chromium, C r ( V I ) , in aqueous solution almost exclusively 
exists in the form of the oxo-anions Chromate ( C r 0 4 2 ), hydrochromate 
(HCr0 4 ) and dichromate ( C r 2 0 7 2 ). The proportion of Cr (V I ) present in 
each of these forms depends on pH. In strongly basic and neutral solutions 
the Chromate form predominates. As pH is lowered, the hydrochromate con-
centration increases. At very low pH the dichromate species predominates. 
In the pH ranges encountered in natural waters the proportion of dichroma-
te ions is relatively low. In the acid portion of the environmental range, 
the predominant form is hydrochromate ion (65% at pH 6.0 to 6.2) ; in the 
alkaline portion of the range, the predominant form is Chromate ion (96% at 
pH 8.5 to 7.8) (Trama and Benoit, 1960). As Cr (V I ) species are negatively 
charged, they do not complex with anionic particulate matter. Hence Cr (V I ) 
is more mobile than C r ( l l l ) which is largely associated with particulate mat-
ter and is subject to sedimentation or f i l t rat ion (NRCC, 1976). Cr (V I ) is a 
powerful oxidizing agent especially in acidic solutions. The tendency is 
strong to react with reducing agents to form C r ( l l l ) . Nevertheless, when 
the concentration of reducing agents is low hexavalent chromium is stable 
in natural waters and will persist for a long period of time. 
Aspects of chromium toxicity in fish and other aquatic organisms 
Mean acute toxicity values of Cr (V I ) for various species of aquatic orga-
nisms are given in Table IV. The species mean acute values for five of the 
six invertebrate species are less than that of any fish species, showing that 
invertebrate species are generally more sensitive for Cr (V I ) than fish spe-
cies. For C r ( l l l ) both the most sensitive and the least sensitive species are 
invertebrates (U.S. EPA, 1980). 
When fish are irr i tated by toxic levels of C r ( l l l ) , they secrete large a-
mounts of mucus which complexes with the metal ion and thus reduces the 
ionic diffusion through the skin (Carpenter, 1927). The main toxic action of 
C r ( l l l ) is presumed to arise from the coagulation or cross-l inking of the 
mucus secreted by the gi l ls , or from direct damage to the gill tissue which 
in tu rn interferes with respiratory funct ion, resulting in death by suffoca-
tion (Doudoroff and Katz, 1953). Olson (1958) exposed a large number of 
Chinook salmon f ingerl ings to low levels of C r ( l l l ) and Cr (VI ) for 12 weeks. 
Under the test conditions (water hardness 70 mg/ l , pH 7.7 - 8.0, tempera-
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ture 8 - 1 6 °C) 0.2 mg/l C r ( l l l ) did not increase the mortality over con-
trols (0.8% mortal i ty), whereas 0.2 mg/l Cr (V I ) caused a 53% mortality. 
TABLE IV 
Mean acute toxicity values for hexavalent chromium in various species. Figu-
res represent mean 96-h LC50 values (a ) ; mean 48-h EC50 values ( b ) , and 
mean 48-h - 96-h LC50 values ( c ) . Sources: U.S. EPA (1980) and Federal 
Register (1980). 
Species Mean acute toxici ty 
value (pg/ l CrVI) 
Largemouth bass (Micropterus salmoides) 195,000 (a) 
Bluegill (Lepomis macrochirus) 134,000 (a) 
Goldfish (Carassius auratus) 120,000 (a) 
Rainbow trout (Salmo gairdneri) 69,000 (a) 
Midge (Tanytarsus dissimilis) 59,900 (a) 
Brook trout (Salvelinus fontinalis) 59,000 (a) 
Fathead minnow (Pimephales promelas) 43,100 (a) 
Striped bass (Morone saxatilis) 30,400 (a) 
Guppy (Poecilia reticulata) 30,000 (a) 
Snail (Physa heterostropha) 25,000 (a) 
Rotifer (Philodina roseola) 6,800 (b) 
Cladoceran (Daphnia magna) 6,400 (b ) 
Rotifer (Philodina acuticornis) 3,100 (b) 
Scud (Gammarus pseudolimneus) 67 (c) 
General symptoms of Cr (VI ) poisoning in f ish are decreased food intake, 
lack of activi ty and severe alterations in internal organs. It is somewhat un-
certain whether Cr (V I ) also causes damage to the gil t issue; This was found 
by Str ik et al . (1975) in rainbow trout but not by Fromm and Schiffman 
(1958) in largemouth bass acutely exposed to the metal. 
Knoll and Fromm (1960) studied the accumulation and elimination of Cr (V I ) 
by rainbow t rout . They showed that the gills function as the major route of 
uptake of the metal and that Cr levels in the blood were always lower than 
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those in the surrounding water. They concluded that Cr (VI ) probably ente-
red through the gills by passive dif fusion. Kidney, liver and intestinal tract 
accumulated the metal in considerable amounts. After exposure stopped, 
chromium was eliminated rapidly from the various tissues except from spleen 
and kidney. 
Various environmental factors may influence the toxicity of metal ions to 
aquatic organisms and especially water characteristics such as hardness and 
pH have been considered of primary importance. Trama and Benoit (1960) 
suggested that a change in pH alters the distr ibution of Cr(VI )-species in 
water and therefore influences the availability and toxicity of Cr (VI ) to f ish. 
However, no studies have been made to test this hypothesis. A review of 
the toxic effects of chromium (U.S. EPA, 1980) indicates that hardness has 
an insignificant influence on the toxicity of Cr (V I ) in fresh water in con-
trast with the toxici ty of C r ( l l l ) . Furthermore the data indicate that Cr (VI ) 
is far more toxic than C r ( l l l ) to aquatic organisms. Finally it can be men-
tioned that C r ( l l l ) is an essential trace element (Mertz, 1969), and therefo-
re should not be considered as a xenobiotic compound. These findings are 
also reflected in the water quality cri teria given by U.S. EPA (1980): 
1) For total recoverable Cr (V I ) the criterion to protect freshwater aquatic 
life is 0.29 pg/l as a 24-h average and the concentration should not exceed 
21 |jg/l at any time; 2) For freshwater aquatic life the concentration (in 
( jg/l) of total recoverable C r ( l l l ) should not exceed the numerical value g i -
. (1.08 (In hardness) + 3.48) ,
 c + , . 
ven by e at any time. For example at hardnesses 
of 50, 100, and 200 mg/l as CaC03 , the concentration of total recoverable 
C r ( l l l ) should not exceed 2,200, 4,700 and 9,900 g/ l respectively. 
In the Netherlands no specific water quality criteria for chromium and aqua-
tic organisms are given yet. A preliminary quality objective of 50 pg/l based 
on total chromium as a maximum permissible concentration has been recom-
mended (IMP, 1975; 1981). 
Objectives of the present study 
The aim of the investigations presented in this thesis was to make an in -
depth study of the toxicology of Cr (VI ) in f ish . Experiments were carried 
out at different pH values because a change in pH may alter the distr ibution 
of Cr(VI)-species in water and therefore at the same time its availability 
and toxici ty to f ish . Another reason was that hexavalent chromium is also a 
strong oxidizing agent and its oxidizing action is dependent on pH. As hard-
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ness has l itt le effect on Cr (VI ) tox ic i ty , this parameter was not considered 
in detail in the present study. 
Rainbow trout (Salmo gairdneri) was used as the test-species. Appropriate 
radio-tracer techniques, including autoradiography, were employed to ascer-
tain how and where the metal is concentrated within the animal. The oxid i -
zing action was studied by electron spin resonance (ESR) and the d is t r ibu-
tion of Cr(VI )-species in water was assessed by equilibrium calculations. 
Hematological, histological and biochemical techniques were used to obtain 
qualitative data on the toxic action of C r (V I ) . 
Chapter 1 reports on the effect of pH on uptake, tissue distr ibut ion and 
retention of Cr (VI ) in t rout . The effect of pH on the acute toxicity of 
Cr (VI ) and the role of different Cr(VI)-species are dealt with in chapter 2. 
Besides their respiratory funct ion, the gills play an important role in osmo-
regulation. They are the main "porte d'entrée" for dissolved chemical com-
pounds, including C r ( V I ) . Experiments were conducted to study the t rans-
fer of oxygen and chromium in isolated perfused gills of t rout exposed to 
Cr(VI) at different pH values. Results of these experiments are presented 
in chapter 3. Chapter 4 describes the effects of Cr (V I ) on respiration and 
osmoregulation at different pH values. The last chapter deals with the toxic 
effects of Cr (V I ) after prolonged exposure to the metal. 
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Chapter 1 
EFFECT OF pH ON UPTAKE, TISSUE DISTRIBUTION AND RETENTION OF 
HEXAVALENT CHROMIUM IN RAINBOW TROUT (SALMO GAIRDNERI)8 
I. VAN DER PUTTE1, J . LUBBERS1 AND Z. KOLAR2 
1 
Department of Toxicology, Agricultural University, Biotechnion, De Drei j -
and 
2 
en 12, 6703 BC Wageningen, The Netherlands 
I 
Interuniversity Reactor Inst i tute, Delft, The Netherlands 
SUMMARY 
Uptake, distr ibution and retention of chromium in rainbow t rout (Salmo 
gairdneri) was studied after short-term (2-4 days) exposure to 5 1Cr04 
-containing Na2Cr04 solutions of different concentrations (2-50 mg/l Cr) and 
pH (7.8 and 6.5) . At pH 7.8, highest contents of chromium were found in 
g i l l , l iver, kidney, and digestive tract of the t rout . Chromium was not dis-
tr ibuted evenly among the different subcellular fractions of the tissues, but 
was concentrated in the nuclear fraction of the gill tissue and in the soluble 
fraction of the kidney and liver tissue. Upon transfer of exposed f ish to 
tap-water, chromium was rapidly eliminated from blood, gill and digestive 
t ract . However, chromium contents tended to remain high in kidney and l i -
ver. When the pH was decreased from 7.8 to 6.5, the lethal action of hexa-
valent chromium increased and a different pattern of accumulation and elimi-
nation of chromium was observed. The major differences were found in the 
gi l ls, which concentrated significantly more chromium at pH 6.5 than at pH 
7.8, irrespective of the exposure time and concentration. As an electron-
spin-resonance signal characteristic for tr ivalent or pentavalent chromium 
was detected in the gi l ls, the differences must have been at least part ly due 
to the higher oxidizing action of hexavalent chromium at the lower pH. 
Key words: chromium; pH; rainbow t rout ; uptake; d is t r ibut ion; retention 
a
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INTRODUCTION 
When fish are exposed to hexavalent chromium, C r ( V I ) , or other heavy 
metals dissolved in the water, the gills function as the major route for upta-
ke of these compounds (Knoll and Fromm, 1960; Olson et a l . , 1973). The 
gill tissue rapidly accumulates most heavy metals in such a manner that its 
content, at least ini t ial ly, far exceeds that in other tissues. This has been 
shown for copper (Sellers et a l . , 1975), zinc (Matthiesen and Braf ield, 1973, 
1977), cadmium (Sangalang and Freeman, 1979) and mercury (Olson et a l . , 
1973; Lock, 1979). The rapid accumulation in gill tissue is usually accompa-
nied by deleterious effects to gill structure and may therefore interfere with 
its respiratory and osmoregulatory funct ion. Indeed, many workers have at-
t r ibuted acute heavy-metal toxicity in fish to the impairment of one of these 
main functions of the gills (Skidmore, 1970; Lewis and Lewis, 1971; Burton 
et a l . , 1972). 
However, it has been indicated that Cr (V I ) behaves toxicologically in a 
manner quite different from most heavy metals (Doudoroff and Katz, 1953). 
In aqueous solution, Cr (V I ) almost exclusively exists in the form of oxo-
anions (C rO | , HCr0 4 , Cr20? ), which have been observed to pass readily 
through the gill membrane and to accumulate in various tissues and organs 
(Knoll and Fromm, 1960). Thus the hexavalent metal could elicit its toxic 
effect at some internal site. Direct evidence of an internal site for Cr (V I ) 
toxicity has been reported by Fromm and Schiffman (1958), who observed 
severe pathological changes in the intestines immediately behind the pyloric 
caeca in largemouth bass exposed to Cr (V I ) at 96 mg/ l . Also Kuhnert et al . 
(1976) showed that the Na , K -ATPase activity of kidney and intestine, 
but not of g i l l , significantly decreased in rainbow trout exposed to 2.5 mg/l. 
However in most of the studies in which the effects of Cr (V I ) on fish have 
been investigated, the pH of the exposure solutions was not carefully con-
tro l led. 
Trama and Benoit (1960) suggested that a change in pH alters the d is t r i -
bution of the Cr(VI )-species and therefore influences the availability of 
Cr (V I ) to f i sh . Hexavalent chromium is also a strong oxidizing agent and 
its oxidizing action is dependent on pH (Cotton and Wilkinson, 1972). Thus 
the pH of water probably plays a major role in the toxicity of Cr (V I ) in f ish . 
In this study an attempt was made to obtain additional information on the 
mode of action of C r (V I ) . The aim was to learn more about the sites of chro-
mium accumulation and retention in rainbow trout during and after exposure 
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to C r ( V I ) at d i f f e r e n t pH va lues . Th ree ser ies of exper iments were conduc-
t e d , concerned w i th the t issue and subce l lu la r d i s t r i b u t i o n of chromium and 
the ox id i z i ng act ion of C r ( V I ) , assessed w i t h e lec t ron sp in resonance ( E S R ) ; 
the re la t ion between le tha l i t y and up take of C r ( V I ) ; and the dynamics of 
up take and el iminat ion of ch romium, respec t i ve l y . 
MATERIALS AND METHODS 
Fish and water cha rac te r i s t i cs 
Year l i ng and f i n g e r l i n g ra inbow t r o u t (Salmo g a i r d n e r i ) , c u l t u r e d in the 
labora to ry f rom a stock o r i g i na l l y obta ined f rom a commercial h a t c h e r y , were 
reared in 300-1 f i b reg lass tanks rece iv ing a cont inuous s u p p l y of t a p - w a t e r . 
The chemical cha rac te r i s t i cs of the t ap -wa te r are presented in Table I . 
TABLE I 
Chemical cha rac te r i s t i cs of the t ap -wa te r used as d i l u t i on water f o r all ex -
per imenta l w o r k . 
Charac te r i s t i c Un i t Mean Range 
Ammonia 









































































Chemical analysis was by methods of APHA et al. (1975). Tap-water was 
used in the experiments at its original pH of 7.8 and at a decreased pH of 
6.5, maintained within 0.1 of the required pH with an automatic pH-stat, 
which added dilute NaOH or HCl to the tap-water in reservoirs of 300 I. 
Vigorous aeration mixed the water thoroughly and removed excess C02 re-
leased by lowering of pH. Acidification and subsequent aeration increased 
the mean concentration of CI in tap-water from its original value of 6.1 to 
62.0 mg/ l ; the mean alkalinity value decreased from 92.0 to 4.0 mg/l HC03 . 
Yearling t rout used in the f i rs t series of experiments had weights of 
70 ± 12 g (mean ± SD) and total lengths of 21 ± 1 cm. Fingerling trout used 
in the second and th i rd series of experiments had weights of 9.5 i 1.4 g 
and 5.0 ± 1.5 g and total lengths of 11.2 ± 1.0 cm and 8.0 ± 0.8 cm, res-
pectively. Fish were fed daily with a commercial food (Trouv i t ) during hol-
ding and acclimation at a rate of 20 g/kg body weight per day. From 48 h 
before and during exposure to C r ( V I ) , fish were not fed. After transfer to 
tap-water without chromium, fish were fed at a rate of 10 g/kg body weight 
per day. Fish were acclimated for 2 wk to the pH of the tap-water and for 
48 h to the exposure system. The photoperiod was 12 h l ight/12 h dark. 
Water temperature was maintained at 12 °C. 
Exposure system and radiotracer techniques 
The exposure system consisted of six 25-I glass aquaria housed in a wa-
ter bath. The exposure solutions were prepared by dissolving Na2Cr04 in 
tap-water and were aerated with an airstone. The 51CrC>4 used as a tracer 
in the solutions, was obtained from The Radiochemical Centre, Amersham. 
To ensure that a state of equilibrium was obtained between the tracer and 
the dissolved Na 2Cr0 4 , the solutions were prepared at least 24 h before 
experimental use. The pH was controlled with a pH-stat, which added HCl 
or NaOH, both of concentrations 0.1 mol/ l . The solutions were renewed dai-
ly to reduce the build-up of metabolites. 
The total weight of the fish held in each aquarium never exceeded 100 g. 
In this manner, the NH3 concentration was kept below 0.025 mg/ l , a con-
centration safe for fish (Water Quality Criteria for European Freshwater 
Fish, 1973). 
The 5 1Cr was estimated in a gamma-ray spectrometer equipped with a 
well-type Nal (T l ) scintillation crystal installed in a lead chamber. The data 
were corrected for background and physical decay of the isotope. Tissues 
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and water samples with volumes up to 20 ml were counted in the well of the 
crysta l ; a Perspex container that f i t ted around the crystal allowed activity 
measurements of whole live f ish . Act iv i ty measurements were made after r i n -
sing the live fish for 10 min in tap-water. Organs and tissues were dissec-
ted after anaesthetization of the fish with tricaine (MS-222). 
Blood samples were collected from the caudal ar tery. 
Autoradiograms of whole fish were made by procedures described by UN-
berg (1977). The sections made of radioactive fish had a thickness of 100 
(jm and were freeze-dried at -20 °C. The sections were pressed against a 
Structur ix D 10 (Agfa-Gevaert) photographic film and exposed for 30 days 
at 4 °C. 
Subcellular fractionation and electron spin resonance (ESR) 
In order to prepare the nuclear, mitochondrial, microsomal and soluble 
fractions, tissues were removed from individual radioactive f i sh , chilled on 
ice and homogenized in a Potter Elvehjem homogenizer, in cold (0-4 °C) KCl 
solution (cone. 154 mmol/l) at a ratio of 1 volume of tissue to 2 volumes of 
solution. The homogenates were subjected to differential centrifugation at 
600 g_, 10 000 g_ and 105 000 g_ for 10,20 and 60 min, respectively. 
Electron spin resonance was used to assess the valence state of chromium 
in tissues. The reduction of hexavalent chromium to the tr ivalent form, 
C r ( l l l ) , proceeds via the pentavalent form, Cr (V) (Wiberg and Schäfer, 
1969). Due to their paramagnetic properties, C r ( l l l ) and Cr(V) give an ESR 
signal with a g_ factor of 1.98 in contrast to the non-paramagnetic Cr (V I ) 
(Gutierrez et a l . , 1976). The ESR studies were performed on an X-band 
(9.5 GHz) Varian E-3 spectrometer. Samples of whole tissue and subcellular 
fractions were studied at about 90 K as frozen cylinders in 3-mm quartz t u -
bes using a Varian variable temperature accessory. 
Routine settings of the spectrometer were: microwave power 2 mW, modula-
tion amplitude 1 mT, field set 320 mT. The g_ factors were obtained using 
diphenyl picryl hydrazyl (DPPH) at g_ = 2.0036 as a reference. Tissues and 
subcellular fractions of unexposed fish and frozen aqueous solutions of 
CrCI3 and Na2Cr04 were used as control samples. 
Experimental procedure 
In the f i rs t series of experiments, yearling rainbow trout were exposed 
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to Cr (V I ) at 40.0 mg/l for 2 and 4 days at pH 6.5 and 7.8 The distr ibution 
of chromium in the fish was assessed by measuring the chromium uptake in 
different tissues. The subcellular distr ibution and the presence of an ESR 
signal at g_ = 1.98 was examined in g i l l , l iver and kidney tissue. 
For the' second series of experiments, f ingerl ing trout were exposed for 
4 days at pH 6.5 and 7.8 to Cr (VI ) at concentrations of 2.0, 5.0, 16.5 and 
50.0 mg/ l , the two higher concentrations being lethal to the f ish . Survival 
and contents of chromium in surviving fish were determined. 
In the th i rd series of experiments, f ingerl ing trout were exposed to 
Cr (V I ) at 2.0 and 5.0 mg/l for 4 days with pH 6.5 and 7.8. Samples of 5 
fish were removed at 24-h intervals and uptake in whole fish and tissues of 
the fish was measured. Whole-body autoradiograms were made as a check. 
The elimination rate of chromium was determined in the fish exposed to 
Cr (VI ) at 2.0 mg/l for 4 days. After exposure, these fish were placed in 
tap-water of the respective pH and contents in whole fish and in tissues of 
the fish were determined at intervals over 11 days with samples of 5 f ish. 
Data were analysed for statistical difference by the Student's t - test . 
RESULTS 
Tissue and subcellular distr ibution 
In yearling trout exposed to C r ( V I ) , lowest contents of chromium were 
found in white muscle and skin (Table I I ) . Gil l , l iver, kidney and digestive 
tract contained most. The most remarkable effect of pH was in the gill t is-
sue, which concentrated significantly more chromium at the lower p h , i r re -
spective of exposure time. The substantially higher content in gills at the 
lower pH was also reflected in the distr ibution of chromium in the whole fish 
(Fig. 1) . The chromium accumulated in gills accounted for 13 and 21% of the 
total after exposure for 2 and 4 days, respectively. By contrast, the chro-
mium content of the gills of fish exposed at the higher pH only accounted 
for 8% of the total after either exposure time. 
Chromium was not distr ibuted evenly among the different subcellular 
fractions but was concentrated in the nuclear fractions of gill tissue and 
the soluble fractions of the liver and kidney tissue (Table I I I ) . Significant 
differences in subcellular distr ibution dependent on the exposure pH was 
evident in all tissues examined after 4 days of exposure. At the lower pH, 
a greater proportion of the chromium was found in the nuclear fraction of 
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g i l l , the microsomal fraction of l iver and the soluble fraction of kidney. The 
proportion in the gill mitochondrial, microsomal and soluble fraction was 
significantly lower. 
TABLE II 
Effect of pH and exposure time on content of chromium in tissues ( | jg /g, 
wet weight) of yearling rainbow trout exposed to C r ( V I ) , concentration 
40.0 mg/ l . Values are means ± SE for 5 f ish. 
2 days exposure 4 days exposure 











































































































































































































































Significantly different at P <0.05 relative to pH 6.5. 
b
 Significantly dif ferent at P <0.01 relative to pH 6.5. 
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2 days exposure 
D pH 6.5 
U pH 7.8 
<» days exposure 
É 
riri 
Fig. 1. Effect of pH and exposure time on percentage distr ibution of chro-
mium in tissues from yearling rainbow trout after exposure to 40.0 mg/l 
C r ( V I ) . Values represent means ± SE of 5 f ish. 
ESR signals at g_ = 1.98 were observed in whole gill tissue and nuclear frac-
tions of gi l ls, irrespective of exposure pH and exposure time. The intensity 
of the signals in samples from fish exposed at pH 7.8 was somewhat lower 
than in those from fish exposed at pH 6.5 (F ig . 2) . The content of C r ( l l l ) 
and C r ( V ) , however, could not be estimated, mainly because of differences 
in ESR line shape. No signals at £ = 1.98 were observed in liver and kidney 
of exposed f i sh , although the chromium content in those tissues was of the 
same order of magnitude as in g i l l . Control subcellular fractions and tissues 
of unexposed fish were also free of these signals. 
Uptake and lethality 
Exposure to Cr (V I ) at 2.0 and 5.0 mg/l was not lethal to the f ingerl ing 
t rout at the pH and exposure time studied (Table IV) . At the lower pH the 
whole fish and the gill tissue accumulated significantly more chromium than 
at the higher pH (P <0.05). In addit ion, the contents in gills of fish expo-
sed at the lower pH far exceeded those in kidney, liver and digestive t ract . 
At exposure concentrations lethal to the f ish , 16.5 and 50.0 mg/l C r ( V I ) , 
the lethal action was enhanced at the lower pH. The contents in gills of fish 
surv iv ing the exposure at pH 6.5 sti l l exceeded those in other tissues. 
However, in fish surviv ing the highest exposure concentration at pH 7.8, 
the content in kidney, liver and digestive tract was considerably higher 
than that in gi l ls. These differences in fish exposed at different pH are also 
reflected in the distr ibution of chromium in the fish (F ig. 3) . 
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TABLE III 
Effect of pH and exposure time on distr ibution (%) of chromium in subcel-
lular fractions of tissues from yearling rainbow trout exposed to C r ( V I ) , 
concentration 40.0 mg/ l . Values are means ± SE for 5 f ish . 
2 days exposure 4 days exposure 
































































































































































Significantly different at JP <0.05 relative to pH 6.5. 
Significantly dif ferent at P <0.01 relative to pH 6.5 
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• . f. 
Fig. 2. ESR spectra of following samples: (a) gill tissue of fish exposed at 
pH 6.5; (b) gill tissue of f ish exposed at pH 7.8; (c) nuclear fraction of 
gil l tissue from fish exposed at pH 6.5; (d ) nuclear fraction of gil l tissue 
from fish exposed at pH 7.8; aqueous solutions: (e) CrCI3 at pH 1.0, ( f ) 
Na2Cr04 at pH 8.0. 
G pH 6.5 
% of total 0 PH 7 8 
50 
2.0 rng/l Cr(VI). 5.0mg/l Cr(VI). 16.5mg/l Cr(VI). 50.0mg/1 Cr(VI 
i 
â 
MM \ +& <& 
à K 1 
ü i 
O O _ j 
Fig. 3. Effect of pH on percentage distr ibution of chromium in tissues from 
f ingerl ing rainbow trout after exposure to various concentrations of Cr (V I ) 
for 4 days. Values represent means ± SE of surviv ing f ish . 
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TABLE IV 
Effect of pH on survival and content of chromium (means ± SE) in tissues of 
f ingerl ing rainbow trout after 4 days exposure to Cr (VI ) at different con-
centrations. 
Conen. pH Survival Content of Cr( ( jg /g , wet tissue) 
of 
Cr (V I ) 
(mg/l) Rel. Abs. Whole Gill Digestive Liver Kidney 
(%) body tract 
2.0 6.5 100 9 2.0 ± 0.2 31.7 ± 6.0 6.2 ± 1 . 0 2 . 0 1 0 . 3 6.7 ± 0.8 
2.0 7.8 100 9 0.9 ± 0.1 5.1 ± 0.3 7.4 1 1.5 3.4 ± 0.4 8.5 ± 1.0 
5.0 6.5 100 10 5.5 ± 0.6 51.8 ± 12.3 9.5 ± 1.5 3.8 1 0.5 10.7 1 1.1 
5.0 7.8 100 8 2.3 1 0.2 10.6 1 2.6 11.2 ± 2.9 5.1 ± 0.7 12.2 1 0.8 
16.5 6.5 25 5 8.7 1 0.6 139.0 1 13.2 23.4 1 1.4 24.8 1 5.6 43.2 ± 4.6 
16.5 7.8 63 5 8 . 9 1 1 . 2 3 5 . 3 1 8.4 2 2 . 6 1 2 . 9 2 5 . 9 1 6 . 9 2 4 . 6 1 2 . 5 
50.0 6.5 0 0 - - a . . . . . _ . 
50.0 7.8 50 5 10.5 ± 0.5 37.6 1 7.9 45.0 1 2.5 85.6 1 2.5 70.3 1 9.5 
Values not determined because of zero surv ival . 
Dynamics of uptake and elimination 
The uptake rate of chromium in blood and tissues of f ingerl ing t rout was 
rapid at both exposure concentrations and pH levels studied (Figs. 4-6). 
In most tissues, contents tended to reach equilibrium within 2-4 days of 
exposure. Only the gil l tissue of f ish exposed at the lower pH showed a 
markedly different pattern of chromium uptake. In these tissues, there was 
no apparent reduction in accumulation; in fact the rate of uptake increased 
during 4 days of exposure. In contrast to f ish exposed at pH 7.8, contents 
in these gill tissues far exceeded those in other tissues already after 2 days 
of exposure. This was also il lustrated by autoradiograms (F ig . 7) . 
30 
ng Cr/g wet weight 
b 
Fig. 4. Uptake of chromium in whole fish and various tissues of f ingerl ing 
rainbow trout exposed to 5.0 mg/l Cr (V I ) at pH 7.8 (a) and pH 6.5 ( b ) . 
Values represent means ± SE of 5 f ish. 
tig Cr/ g wet weight 
5 0 n 
whole f ish 
blood 






Fig. 5. Uptake and elimination of chromium in whole fish and various tissues 
of f ingerl ing rainbow trout during and after exposure to 2.0 mg/l Cr (VI ) 
at pH 7.8. Values represent means ± SE of 5 f ish. 









A digestive tract 
Fig. 6. Uptake and elimination of chromium in whole fish and various tissues 
of f ingerl ing rainbow trout during and after exposure to 2.0 mg/l Cr (V I ) at 
pH 6.5. Values represent means ± SE of 5 f i sh . 
When the f ingerl ing t rout exposed to Cr (V I ) were returned to tap-water 
without chromium, the element was rapidly lost from blood and digestive 
tract at both pH levels (Figs. 5 and 6) . Contents tended to remain h igh, 
however, in liver and slightly increased in kidney during an elimination pe-
riod of 11 days. The content in whole body and in gill of f ish exposed at 
the lower pH declined rapidly for the f i rs t 3 days. In this period of elimi-
nation, 85% of the chromium was eliminated from whole body and 93% from 
gi l ls. The decline of the chromium in whole body and in gills of f ish expo-
sed at the higher pH was very slow. In the f i rs t 3 days of elimination, only 
25% of the chromium was eliminated from whole body and 12% from gi l ls. 
DISCUSSION 
The present investigation has shown that the pH of water controls upta-
ke, tissue distr ibution and retention of Cr (V I ) in rainbow t rout . 
At pH 7.8, considerably more chromium was accumulated in internal or-
gans than in gills of f ingerl ing t rout surviv ing the highest exposure con-
centration (Table IV) . 
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Caeca Gil l 
Intestine Kidney Caeca Gill 
i T 
Caeca Gil l 
Kidney Intest ine 
*m -JR 
Caeca Gi 
Fig. 7. Whole body autoradiograms of f ingerl ing rainbow trout exposed to 
5.0 mg/l Cr (V I ) containing 5 1 CrO| (specific act iv i ty: 30 |jCi/mg Cr) with 
di f ferent pH and exposure times: (a) pH 7.8, 2 days; (b) pH 7.8, 4 days-
(c) pH 6.5, 2 days; (d) pH 6.5, 4 days. Black areas show radioactivity lo-
calization. 
- 33 -
This supports the hypothesis that Cr (VI ) elicits its toxic effect at some in -
ternal site and that the gill is not the larget organ in acute Cr (V I ) toxici ty 
(Fromm and Schiffman, 1958; Kuhnert et a l . , 1976). Furthermore at pH 7.8, 
the rate of uptake was very rapid and contents tended to reach equilibrium 
within 2-4 days at low exposure concentrations; similar results have been 
obtained by Buhler et al. (1977). The slow whole-body elimination rate of 
chromium at pH 7.8 is supported by the data of Ten Holder et al . (1977), 
who found that upon transfer of exposed rainbow t rout to chromium-free 
water, 34% of the total amount of Cr (V I ) accumulated was retained with a 
half-period of 1.0 day and 66% with a half-period of 25.6 days. The pH of 
the water in the experiments ranged from 7.8 to 8.0. 
At pH 6.5, contents of chromium in gills far exceeded those in other t i s -
sues at all exposure concentrations studied. The observed higher percenta-
ge mortality of f ingerl ing trout exposed to lethal concentrations at pH 6.5 
than at pH 7.8 (Table IV) is probably due to this distinct difference in 
chromium uptake in gill t issue. Trama and Benoit (1960), using K 2 Cr0 4 as 
the basic salt and K 2 Cr 2 0 7 as the acidic salt, found the acute toxici ty of 
Cr (V I ) to bluegills to be accentuated at lower pH, while Str ik et al . (1975) 
have observed histopathological changes in gill tissue of rainbow trout after 
exposure to acidic K 2 Cr 2 0 7 . We noted that the rate of uptake of Cr (V I ) in 
gill tissue at pH 6.5 increased throughout exposure (Figs. 4 and 6) . As a 
rather high proportion of the chromium was accumulated in the gi l ls, rate 
of uptake in the whole body of f ingerl ing t rout did not slow down. These 
results may explain why, in contrast to Buhler et al . (1977), Fromm and 
Stokes (1962) found that rainbow trout exposed to concentrations >0.05 mg/l 
accumulated chromium at a constant rate, but failed to achieve equilibrium 
during a 28-day exposure time. According to Buhler et al . (1977), the dif-
ferences in uptake pattern may be due to differences in age of the rainbow 
t rout . No attention was paid, however, to possible differences in pH of the 
exposure solutions. 
During exposure, the chromium content in blood of experimental f ish ne-
ver exceeded that of surrounding water and was usually considerably less 
at both pH levels. Thus chromium could enter the fish by diffusion across 
the gill membrane as postulated by Knoll and Fromm (1960). Upon transfer 
of exposed fish to tap-water without chromium, blood lost chromium rapidly 
at both pH levels, whereas contents in liver remained high and contents in 
kidney even tended to increase. This may be due to the redistr ibution of 
the metal from the blood associated with the involvement of kidney and liver 
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in the excretion of the metal from the fish (Knoll and Fromm, 1960). Whole-
body elimination rate of chromium, however, was considerably higher at pH 
6.5 than at pH 7.8. This was mainly due to the rapid loss from the gills at 
the lower pH (Fig. 6) . 
The observed pH effect on uptake, tissue distr ibution and retention of 
Cr (V I ) in rainbow trout may be attr ibuted to the presence of different 
Cr (V I ) species in the exposure solutions. The equation expressing the equi-
librium between the different Cr (V I ) species can be writ ten in the following 
simplified form: 
2CrOl" + 2 H + ^ 2 H C r 0 4 ^ C r 2 O f ~ + H20 
At the pH and concentrations used, HCr04 and CrOf are the predominant 
species; a relatively small part exists as Cr2Oy (<0.1%). At pH 7.8, the 
molar ratio of CrO\ to HCr0 4 is 1:0.05. At pH 6.5, however, this ratio is 
1 :1 , indicating that the HCr0 4 concentration increased at the same total Cr 
(V I ) concentration (Stumm and Morgan, 1970). The pH-dependent uptake of 
Cr (V I ) may, therefore, be related to the different ratio of HCr04 to CrO| , 
in which HCr04 is more readily taken up by the gil l tissue because it is 
monovalent (Trama and Benoit, 1960). 
A decrease in pH and therefore an increase in HCr04 concentration is 
also associated with an increased oxidizing action of Cr (V I ) (Sillén and Mar-
te l l , 1964). That a reduction of Cr (VI ) is taking place in the gi l ls, follows 
from the observed ESR signals in yearling t rout (F ig . 2) . These signals 
were also found in the nuclear fraction of the gill t issue. However, due to 
the method used, the nuclear fraction also contained large membrane f rag-
ments. As the gill epithelial membrane is in direct contact with the exposure 
solution of dif ferent pH, reduction of Cr (V I ) probably took place at this 
site of the gil l t issue. The extent of oxidizing reactions involving Cr (V I ) in 
internal organs could not be ascertained by ESR. No signals were detected 
in liver and kidney in spite of the fact that chromium contents in these or-
gans were of the same order of magnitude as those in the gi l ls. The possi-
bi l i ty remains that the reduced forms of Cr (VI ) are bound in such a manner 
in these organs that no signal could be detected. It is also possible, how-
ever, that C r ( l l l ) or Cr (V) is only present in a low concentration or not 
at all in these tissues. As Cr (VI ) is known to cross biological membranes 
with relative ease in contrast with C r ( l l l ) (Gray and Ster l ing, 1950), the 
chromium preferentially accumulated in the soluble fraction of liver and k id-
ney of yearling t rout exposed to Cr (V I ) would thus mainly consist of the 
35 
soluble Cr (VI ) anion. 
ESR allows direct measurement in tissues without previous digestion or 
extraction. The latter process can alter the chemical form of chromium, and 
so may be the cause of contradictory data on the oxidation state of chro-
mium in biological materials (Mertz, 1969). 
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Chapter 2 
EFFECT OF pH ON THE ACUTE TOXICITY OF HEXAVALENT CHROMIUM TO 
RAINBOW TROUT (SALMO GAIRDNERI)3 
I. VAN DER PUTTE, M.A. BRINKHORST AND J.H. KOEMAN 
Department of Toxicology, Agricultural University, De Dreijen 12, 6703 BC 
Wageningen, The Netherlands 
SUMMARY 
The acute toxicity of hexavalent chromium, C r ( V I ) , to rainbow trout 
(Salmo gairdneri) increased with decreasing pH in the range from 7.8 to 
6.5. Morphological changes that could be associated with acute Cr (V I ) poi-
soning at pH 7.8 were found in gi l ls, kidney and stomach, whereas those at 
pH 6.5 appeared to be restricted to the gills only. At both pHs, however, 
similar alterations in plasma osmolatily and hematocrit values of blood were 
found in fish surviv ing an exposure to acute toxic concentrations. 
To explain the observed effects, hydrochromate (HCr0 4 ) and Chromate 
( C r 0 4 2 ) were considered as the toxic species of C r ( V I ) . An attempt was 
made to calculate the relative toxicities of these ionic species from empirical 
toxicity relationships for weak acids in f ish , as described in the l i terature. 
Key words: Chromium, pH, rainbow t rout , toxic i ty, ionic species. 
INTRODUCTION 
It is widely accepted that water characteristics may influence the chemi-
cal form and therefore the availability and toxicity of heavy metals to aqua-
tic organisms (Andrew et a l . , 1976; McCrady and Chapman, 1979). Espe-
cially hardness, pH, and alkalinity have been considered of primary impor-
tance in this respect (Andrew et a l . , 1977; Alabaster and Lloyd, 1980; 
Pagenkopf et a l . , 1974). However, the basic mechanism by which these 
a
 Aquat. Toxicol. 1 (1981), 129-142 
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characteristics influence the toxicity is v i r tual ly unknown. In the present 
study an attempt was made to identify the mechanism responsible for the 
toxic action of hexavalent chromium, C r ( V I ) , to rainbow t rout , based on 
the presence of different ionic species of the metal in water of different pH. 
The pH dependent equilibrium between the ionic Cr (V I ) species formed 
in aqueous solution can be expressed in the following simplified form (Van 
der Putte et a l . , 1981): 
2 C r 0 4 2 " + 2H+ r 2 H C r 0 4 " ^ = = C r 2 0 7 2 " + H20 
In the concentration range lethal to fish in acute toxici ty tests (20 - 280 
mg/ l ) , and within a pH range between 6.0 and 8.8 (Trama and Benoit, 
1960; Fromm and Schiffman, 1958; Pickering and Henderson, 1966), HCr04~ 
and C r 0 4 2 ions are the most common species of C r ( V I ) . 
A relative small part exists as C r 2 0 7 2 and other protonated forms (Stumm 
and Morgan, 1970). Furthermore it has been observed that the lethal action 
of Cr (V I ) increases with decreasing water pH (Trama and Benoit, 1960; Van 
der Putte et a l . , 1981). To explain th is , two hypotheses based on the as-
sumption that acute Cr (VI ) toxicity is attr ibutable to HCr04 and C r 0 4 2 
species have been put forward. 
The f i rs t suggests that only the availability of Cr (V I ) to the fish increa-
ses with an increasing HCr04 / C r 0 4 2 ratio at lower pH levels, possibly 
because monovalent ions tend to be more readily absorbed than divalent ions 
(Trama and Benoit, 1960; Becker and Thatcher, 1973). The second takes 
the enhanced oxidizing action of Cr (V I ) at a decreased pH, which is asso-
ciated with an increased HCr04 / C r 0 4 2 ratio, also into consideration (Van 
der Putte et a l . , 1981). Both hypotheses suggest that the apparent toxicity 
of HCr0 4 " is higher than that of the C r 0 4 2 species. However, whether 
this is the case and to what extent has not been ascertained yet. 
In this context it is worth noting that the HCr04 species has a weak 
acidic character (pK = 6.5) and that several empirical methods have been 
d 
published to assess the relative toxicities of protonated and deprotonated 
forms of some weak acidic compounds. These methods have been described 
extensively by Broderius et al. (1977); Könemann (1979) and Sano (1976), 
but have not yet been applied to the HCr0 4 / C r 0 4 2 system. 
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MATERIALS AND METHODS 
Test f ish 
Rainbow trout (Salmo gairdneri) were reared in the laboratory from fer-
ti l ized eggs obtained from a commercial hatchery. They were kept in tap-
water with constant characteristics averaging 80 mg/l total hardness as 
CaC03 , 92 mg/l alkalinity as HC0 3 " and pH 7.8 (see also Van der Putte et 
a l . , 1981). 
In the tests on quantitative aspects of acute toxic i ty , t rout were used of 
f ive dif ferent weight classes with mean wet weights (± SD) among survivors 
of 0.23 ± 0.02, 1.9 ± 0 . 1 , 6.0 ± 1.9, 13.1 ± 2.0 and 25.0 ± 1.8 g , and ages 
of 4, 7, 7, 8, and 9 months respectively. 
Trout used for the tests on qualitative aspects of acute toxicity were 9 
months old and had mean wet weights among survivors of 16.3 ± 1 . 9 g . The 
fish were fed unrestricted rations of a commercial food (Trouv i t ) twice daily 
unti l 48 h before exposure to the toxicant. 
The tap-water temperature dur ing holding and testing of the t rout was 
maintained at 12.0 ± 0.5 °C using a hot water heat exchange system. 
The laboratory temperature was controlled at 12 ± 2 °C. The photoperiod 
was 12 h light/12 h dark, with half hour dimming and brightening within 
the light period provided by incandescent bulbs. 
Exposure system 
Tests were performed in identical di luter and test-chamber units, each 
including one control and five treatment chambers. The test-chambers were 
glass aquaria with a water volume of 60 I for fish exceeding 6.0 g , and a 
volume of 20 I for the smaller f ish . 
Tap-water was introduced from 300-I head reservoirs to 2-I mixing chambers 
and thereafter delivered to the 20-I and 60-I aquaria at a rate of 4.0 and 
12.0 l/h respectively. Stock solutions having different concentrations of 
reagent grade sodium Chromate (Na 2Cr0 4 ) and adjusted to the required pH 
with dilute HCl were metered into the mixing chambers at a rate of 50 ml /h . 
Peristaltic pumps were used for the introduction of stock solution and tap-
water to the mixing chambers, where mixing was accomplished by a magnetic 
s t i r rer . The mixed dilution was gravity fed into the treatment aquaria as 
described by Scheier and Burton (1973). 
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The test solutions in the aquaria were continuously aerated with air diffuser 
stones to achieve sufficient oxygen concentrations and thorough mixing. 
Replacement time for 90% of the test solution was calculated to be 12 h 
(Sprague, 1969). 
The pH of the tap-water in each of the head reservoirs was controlled by a 
pH meter coupled to an electric controller. The controller activated a peris-
taltic pump that added dilute HCl or NaOH to the head reservoir to hold the 
pH at the required level ± 0 . 1 uni t ; vigorous aeration was maintained to mix 
the water thoroughly and to remove excess C0 2 released by lowering of pH. 
Experimental procedure 
Rainbow trout of the respective weight classes were preacclimated for at 
least two weeks to the different pH levels. For each test the fish were 
randomly distr ibuted over the test chambers (12 specimens in each chamber) 
and were subsequently acclimated to the exposure system for 48 h before 
introduction of chromium. Introduction of chromium was started after dosing 
the aquaria with adequate stock solution to achieve the nominal test concen-
trat ions. Two different series of tests were performed to obtain quantitative 
and qualitative data on acute toxicity respectively. 
The quantitative toxicity tests were conducted at pH 7.8, 7.0 and 6.5. 
Percentage fish mortality after 96-h exposure was used as the response c r i -
terion except for the test on 6.0-g t rou t , in which mortality percentages 
were monitored over periods of 24, 48, 72 and 96 h. Estimates of the con-
centration of Cr (VI ) most likely to cause 50% mortality (LC50), their 95% 
confidence limits and toxicity slope functions were made by log-probit ana-
lysis (Litchfield and Wilcoxon, 1949). 
In the qualitative toxicity tests, t rout were exposed for 96 h at pH 7.8 
and 6.5 to Cr (V I ) concentrations approximating 100%, 25%, and 0% (control) 
of the 96-h LC50s. In these tests, after exposure f ive fish out of each 
group were anaesthetized in a solution of tricaine (MS-222) at a concentra-
tion of 150 mg/ l , neutralized with 300 mg/l sodium bicarbonate. Blood sam-
ples were collected by caudal severence into heparinized test tubes and 
were analyzed for hematocrit and osmolality of blood plasma according to the 
procedures described by Wedemeyer and Yasutake (1977). The gi l ls , l iver, 
spleen, intestinal t ract , and kidney were fixed in Bouin's solution for 24 h. 
Thereafter the tissues were stored in ethyl alcohol (70% / v ) unti l they 
were embedded in paraplast. The tissues were sectioned at 5 pm and stained 
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with Delafield's hematoxilin and eosin. 
Data were analyzed for statistical difference by the Student's t - test . 
Assesment of water quality parameters and Cr (V I ) species 
During each test dissolved oxygen (DO), pH, and Cr (VI ) concentrations 
were checked daily in each of the test chambers; alkal inity, ammonia, and 
chloride concentrations were checked daily in the control chambers. 
Determinations were made according to procedures described by APHA et al. 
(1975) except for C r ( V I ) , which was determined by the diphenylcarbazide 
colorimetric method as described by APHA et al. (1971). 
Due to acidification of the tap-water the mean concentration (± SD) of CI 
increased from its original value of 6.1 ± 0.4 mg/l at pH 7.8 to a maximum 
value of 62.0 ± 5.2 mg/l at pH 6.5; the mean alkalinity decreased from 92.0 
± 6.2 mg/l to a minimum of 4.0 ± 0.8 mg/l as HC03 . The ammonia concen-
trations remained low (< 0.5 mg/l NH4 ); dissolved oxygen was always abo-
ve 90% saturation. 
The molar concentration of the various Cr (V I ) species in solution were 
calculated for each pH level using equilibrium constants at zero ionic 
strength and a temperature of 25 °C for the following equilibria (Sillén and 
Martell, 1964; 1971; Stumm and Morgan, 1970): 
C r 0 4 2 " + H+ =? HCr04~ 
HCr0 4 " + H+ =? H 2Cr0 4 








2HCr04" =^  C r 2 0 7 2 " + H20 
C r 2 0 7 2 " + H+ == HCr 2 0 7 2 " 
Act iv i ty and temperature corrections for equilibrium constants were neglec-
ted as approximative calculations indicated that corrected values were within 
the range of the experimental error induced by the pH fluctuation of 0.1 
uni t . Act iv i ty corrections were made according to an iteration method des-
cribed by Novozamsky et al. (1976), in which the Güntelberg equation 
(Stumm and Morgan, 1970) was used to calculate the individual ion activity 
coefficients. When available, heat content changes of reactions (AH) were 
used for the estimation of temperature effects, in which the change in log K 
per degree was approximated by applying a AH of 0.0025 (Stumm and 
Morgan, 1970; Sillén and Martell, 1971). 
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RESULTS 
Results of the quantitative toxici ty tests are summarized in Tables I - I I I . 
In all tests the acute toxici ty of Cr (V I ) was affected by changes in pH, 
with LC50s decreasing by a factor of 2 - 4 when pH was decreased from 
7.8 to 6.5 (Tables I and I I ) . For each combination of pH and LC50, C r 0 4 2 " 
and HCr0 4 were calculated to be the predominant species. LC50s proved 
not to be correlated to the concentration of one specific ion-species, which 
would be expected if only one of the Cr (V I ) species is responsible for the 
toxic i ty. An example of the species distr ibution at dif ferent LC50s and pHs 
is given for 0.2-g trout in Table I I I . 
TABLE I 
Effect of pH on the acute toxici ty of hexavalent chromium to rainbow t rout 
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Parentheses enclose 95% confidence limits 
The quantitative toxicity data also indicate that independent of pH, smaller 
fish were more susceptible to Cr (V I ) than larger f ish (Table I ) , and that 
acute toxicity increased with increasing exposure times (Table I I ) . At each 
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pH, LC50s were found to be highly correlated with fish weight and exposu-
re times when expressed by the linear logarithmic equation: 
Log LC50 = a + b Log c (1) 
with a and b as constants depending on pH and c as fish weight or exposu-
re time. In these equations linear correlation coefficients determined by the 
standard least squares technique varied from 0.96 to 0.99. 
Qualitative data of acute toxici ty are presented in Table IV and Figs. 
1 - 3 . In blood of fish surviv ing a 96-h exposure to Cr (V I ) concentrations 
approximating 100% and 25% of the 96-h LC50, plasma osmolality was decrea-
sed and hematocrit was increased at pH 7.8 as well as at pH 6.5 (Table IV) . 
TABLE II 
Effect of pH on the acute toxicity of hexavalent chromium to 6.0-g trout at 


























































































Parentheses enclose 95% confidence limits 
Exposure to the lower concentration at both pHs induced only slight aber-
rations in gill t issue. The most notable changes occurred in the epithelium 
of the lamellae revealing some hypertrophy and hyperplasia. 
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TABLE III 
Calculated concentrations of various ionic species of Cr (VI ) at the 96-h 















































4;:« » £ - * . ^ % ? * / . H * . ! * * ^ w * ^ 5 * C 
Fig. 1. Gill lamellae of rainbow t rout : (a) Control f i sh ; (b) Trout exposed 
to 44.8 mg/l Cr (VI ) for 96 h at pH 7.8. Gill lamellae show varying but mi-
nimal epithelial hypertrophy; (c) Trout exposed to 13.1 mg/l Cr (V I ) for 
96 h at pH 6.5. Extensive alteration of the normal architecture of the la-
mellae is evident with severe epithelial hyperplasia. 
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TABLE IV 
Survival and changes in bloodparameters of rainbow trout exposed for 96 h 










































34.7 + 2.2 
40.8 ± 2.0C 
49.7 ± 3.9C 
36.5 ± 2.0 
42.2 ± 4.1b 
52.1 ± 7.5C 
PI asma osmolality 
(mosmol/1) 
308.1 ± 12.4 
288.4 ± 9.0b 
271.2 + 16.2C 
304.6 + 10.6 
287.4 ± 17.0 
268.7 ± 17.9C 
Values are means ± SD for 5 fish 
Significantly different at P < 0.05 relative to control values. 
Significantly different at P < 0.01 relative to control values. 
Fig. 2. Kidney of rainbow t rout : (a) Control f i sh ; (b) Trout exposed to 
44.8 mg/l Cr (V I ) for 96 h at pH 7.8. Dilation of lumina of tubules and in -
crease of nucleus-to-cytoplasma ratio of the epithelium. 
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At the higher concentration and a pH of 6.5, these changes became more 
pronounced, whereas at pH 7.8 no increase in gil l tissue effects was obser-
ved (Figs. 1a - c ) . At pH 7.8, internal organs were also affected whereas 
at pH 6.5, tissue damage was restricted to the gi l ls . Histopathological ef-
fects in internal organs at pH 7.8 included degenerative changes in the 
kidney and the stomach. In the kidney, lumina of tubules were dilated and 
the nucleus-to-cytoplasma ratio in the tubular epithelium was increased 
(Figs. 2a - b ) . In the stomach, extensive hyperemia and necrotic changes 
in the mucous membrane and submucosa were observed (Figs. 3a - b ) . 
MP«* 
m 
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•Tu* « 
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Fig. 3. Gastric mucosa and submucosa of rainbow t rout : (a) Control f i sh ; (b) 
Trout exposed to 44.8 mg/l Cr (V I ) for 96 h at pH 7.8. Extensive hyperemia 
and necrotic changes in the mucous membrane and submucosa. 
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DISCUSSION 
The results of the qualitative toxici ty tests are in accordance with pre-
vious findings on the effect of pH on uptake and tissue distr ibution of 
Cr (V I ) in rainbow t rout . At lethal exposure concentrations and pH 7.8, con-
siderably more chromium was accumulated in the internal organs than in the 
gi l ls , whereas at pH 6.5 the reverse was observed (Van der Putte et a l . , 
1981). In the present study acute Cr (VI ) poisoning at pH 7.8 was associa-
ted with histological changes in gi l ls, kidney and stomach, whereas those at 
pH 6.5 were restricted to the gi l ls . 
Consequently the assumption that Cr (V I ) elicits its toxic effect at some in -
ternal site and that the gil l is not the target organ in acute Cr (V I ) toxicity 
(Fromm and Schiffman, 1958; Kuhnert et a l . , 1976) is only appropriate at 
relatively high pH levels. At pH 6.5, the gill seems to be the primary site 
of toxic action. 
The quantitative toxicity data, including the Cr (VI ) species dist r ibut ion, 
confirm the hypothesis that acute Cr (V I ) toxicity is attributable to HCr04 
and C r 0 4 2 species (Trama and Benoit, 1960; Becker and Thatcher, 1973; 
Van der Putte et a l . , 1981). Various methods may be applied to assess the 
relative toxicities of the two Cr (V I ) species, because HCr04 may be con-
sidered as a weak acidic compound. One of the methods can be derived from 
the formulas given by Sano (1976) for the effect of pH on the toxicity of 
sulfite to guppy (Lebistes reticulatus) and goldfish (Carassius auratus). 
Sano (1976) observed an increase in toxicity to the fish with decreasing pH 
and proposed the following formulas to express the toxicity of sulf i te: 
S e f f - [HS0 3 " ] + f [SO32"] (2) 
Log S
 f f = a + b Log T (3) 
where S
 f f is the effective concentration of sulfite for toxic i ty, a and b are 
constants, T is half life time of the fish group, and f is a coefficient indi-
cating the contribution of S0 3 2 toxicity to the effective toxicity of sulf i te. 
The appropriate value for f is determined by trial and error so that, with 
the standard least squares technique, the best linearity is obtained in equa-
tion (3) . 
Using a comparable approach, the following relationships can be given for 
HCr04 and Cr0 4 2~ ions: 
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C r e f f = [ H C r 0 4 ~ ] + l [ C r 0 4 2 " ] 
Log Cr , , = a + b Log T 
(4 ) 
( 5 ) 
where Cr , , is the e f fec t i ve concent ra t ion of hexava lent chromium fo r t o x i c i -
ef f 
t y , a and b are cons tan ts , T is exposure t ime in LC50 de te rm ina t ions , and 
f is a coef f ic ient i nd i ca t i ng the c o n t r i b u t i o n of C r 0 4 2 t o x i c i t y to the e f fec -
t i ve t o x i c i t y of C r ( V I ) . 
Express ing the exper imenta l LC50 data f o r 6 .0 -g t r o u t as Cr
 f f concen t ra -
t ions so tha t the best l i nea r i t y was obta ined in equat ion ( 5 ) , a value f o r f 
of 0.20 was estab l ished ( F i g s . 4a - b ) . 
LC50,mol Cr (VI)/I 
a 10"2n 
10" 
2k US 72 96 
time (h) 









2k W 72 96 
timet h ) 
F ig . 4. Cor re la t ion between LC50 of hexava len t chromium f o r 6 . 0 - g t r o u t and 
time at pH 6.5 ( A ) , pH 7.0 ( D ) and pH 7.8 ( • ) : where ( a ) C r ( V I ) = 
[ H C r 0 4 ~ ] + [ C r 0 4 2 ] and ( b ) Cr f f = [ H C r 0 4 ~ ] + 0.20 [ C r 0 4 2 " ] . 
The l inear co r re la t ion coef f i c ien t in equat ion (5 ) was ca lcu lated to be 0 .97 . 
The f va lue of 0.20 indicates t h a t H C r 0 4 can be cons idered f i v e t imes as 
tox ic as C r 0 4 2 f o r 6 . 0 -g t r o u t over an exposure per iod of 24 h to 96 h . 
Ano the r empir ical method to est imate the re la t i ve t o x i c i t y of p ro tona ted 
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and depro tona ted forms of weak acidic compounds is g i ven by Könemann 
(1979) , who s tud ied the e f fec t of pH on the t o x i c i t y of ch lorophenols to 
g u p p y (Poeci l ia r e t i c u l a t a ) . He adapted the formula o r i g i n a l l y developed by 
Tabata (1962) f o r the N H 3 / N H 4 + system and used by B rode r i us et a l . (1977) 
to exp la in the pH ef fects on the t o x i c i t y of HCN/CN and H 2 S/HS sys tems. 
From B r o d e r i u s ' f o rmu la : 
iMi^lAlL
 = Tm [ H A ] + Tj IA"] (6) 
Könemann de r i ved the fo l lowing equa t i on : 
K 





 ' [H ] + Ka 
where 1/LC50 is an express ion f o r tota l t o x i c i t y , T is the t o x i c i t y of the 
molecular o r p ro tona ted form ( H A ) , and T. is the t o x i c i t y of the ionized or 
depro tona ted form (A ) of a weak a c i d ; K is the acidic ionizat ion cons tan t . 
+ a 
Plo t t ing 1/LC50 against K / ( [ H ] + K ) , a l inear re la t ionsh ip is f o u n d . The 
3 3 
best l i nea r i t y is obta ined by the s tandard least squares techn ique and T 
and T. can be calculated f rom the i n te rcep t and the slope of the r esu l t i ng 
s t r a i g h t l ine . 
Using equat ion (7 ) to analyze the exper imenta l 96-h LC50 data fo r t r o u t of 
d i f f e r e n t we igh t c lasses, i t was estab l ished tha t H C r 0 4 / C r 0 4 2 t o x i c i t y r a -
t ios were f a i r l y constant and ranged f rom 9.1 to 11.9 times tha t of C r 0 4 2 
over an exposure per iod of 96 h . An analys is of the LC50 data f o r 6 .0 -g 
t r o u t by the same p rocedure indicates tha t exposure t ime is i n f l uenc ing the 
H C r 0 4 " / C r 0 4 2 " t o x i c i t y ra t io (Tab le V ) . 
T A B L E V 
H C r 0 4 / C r 0 4 2 t o x i c i t y ra t ios f o r d i f f e r e n t f i sh we igh t classes and exposure 
t imes , ca lcu lated f rom exper imenta l LC50 data accord ing to Könemann (1979). 
Ave rage f i sh LC50 exposure t ime ( h ) 
we igh t ( g ) 24 48 72 96 
0.2 . . .
 1 1 - 9 
1.9 . . . 9 1 
6.0 3.6 7.1 8.0 9.2 
13.1 - - - 10.6 
25.0 . . . 9.9 
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With an exposure time decreasing from 96 h to 24 h, calculated toxicity ra-
tios decreased from 9.2 to 3.6, and thus were more in agreement with the 
value determined by the method of Sano (1976). The linear correlation coef-
ficients in equation (7) were found to vary between 0.96 to 0.99. 
From the calculated HCr04 /C r0 4 2 toxici ty ratios the effect of pH on 
the acute toxicity of Cr (V I ) can easily be predicted using the above men-
tioned formulas or those of Broderius et al . (1977) and Tabata (1962). 
However, it should be recognized that all these formulas are based on the 
assumption that the toxicities of the protonated and deprotonated forms of a 
weak acid are simply additive. A priori i t seems illogical to expect that this 
is the case with HCr04 and C r 0 4 2 ions, as the kind of histopathological 
effects appeared to be dependent on pH and thus on the presence of each 
of these ions in the external solution. On the other hand these formulas 
have been found to work empirically very well to explain the effect of pH 
on Cr (V I ) toxic i ty . In addition it was observed that independent of pH acu-
te Cr (V I ) poisoning was associated with similar alterations in the blood. 
This indicates that HCr0 4 and C r 0 4 2 ions in the external solution cause 
common effects in the blood of fish although different organs are affected. 
It may be postulated that these hematological effects are simply additive and 
are possibly directly associated with the death of the f i sh . A comparable 
explanation for simple additive toxicity for mixtures of poisons has been 
given in the "toxic unit" model described by Brown (1968) and Sprague 
(1970). 
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Chapter 3 
OXYGEN AND CHROMIUM TRANSFER IN PERFUSED GILLS OF RAINBOW 
TROUT (SALMO GAIRDNERI) EXPOSED TO HEXAVALENT CHROMIUM AT 
TWO DIFFERENT pH LEVELS9 
I. VAN DER PUTTE1 AND P. PART2 
1 
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The Netherlands 
and 
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SUMMARY 
An in v i t ro study was performed on uptake and transfer of hexavalent 
chromium, C r ( V I ) , in gills of rainbow trout (Salmo gairdner i ) . 
Gills were perfused according to the isolated head perfusion technique, and 
externally exposed to Na2Cr04 solutions containing 5 1 C r 0 4 2 . Experiments 
were conducted at a concentration of 10 mg/l Cr and at pH values of 8.1 
and 6.5. The results show that the transfer of chromium is directly coupled 
with the transfer of oxygen from the external solution to the internal per fu-
sion medium. Under similar conditions of oxygen transfer, however, chromium 
transfer was signif icantly more effective at pH 6.5 than at pH 8 . 1 . 
In addition more chromium was accumulated by the gill tissue at the lower 
pH. 
Gill preparations of t rout which had been pre-exposed in vivo for 4 days to 
10 mg/l Cr (V I ) at pH 6.5, exhibited an impaired oxygen transfer. This could 
be well explained by the structural alterations seen after histological exami-
nation of the perfused gi l ls. 
Key words: perfused gi l ls , rainbow t rout , chromium, uptake, pH. 
a
 Aquat. Toxicol. ( In press) 
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INTRODUCTION 
Gills of fish are organs not only involved in respiration and osmoregula-
tion but also in nitrogen excretion and regulation of acid-base balance 
(Evans, 1975; Fromm and Gillette, 1968; Girard and Payan, 1980). 
The various exchange functions are structural ly served by large lamellar 
surface areas separating blood and water by thin epithelial cell layers. It is 
therefore not surprising that in f i sh , exposed to heavy metals dissolved in 
the water, the gills function also as the main route for uptake of these com-
pounds (Knoll and Fromm, 1960; Olson et a l . , 1973). 
Following uptake by the f i sh , the transport of the metals to other tissues is 
undoubtedly by way of the circulatory system. In which organs and tissues 
metals are accumulated and at which site toxic effects are elicited depend on 
the kind of metal and fish species studied (Sellers et a l . , 1975; Coleman and 
Cearly, 1974; Cearly and Coleman, 1974), the exposure time and concentra-
tion (Hughes and Flos, 1978; Matthiessen and Braf ield, 1977), and the phy-
sico-chemical characteristics of the water (Van der Putte et a l . , 1981a; 
Mount, 1966). 
Water pH is considered to be an important physico-chemical factor in mo-
difying the toxic action of hexavalent chromium, C r ( V I ) , in f ish (Trama and 
Benoit, 1960; Becker and Thatcher, 1973). It has been shown that exposure 
of t rout to acutely toxic concentrations of Cr (V I ) at a pH of 6.5 leads to a 
preferential accumulation of the metal in the gi l ls, whereas at a pH of 7.8 
relatively more chromium is accumulated by internal organs (Van der Putte 
et a l . , 1981a). 
This difference in accumulation pattern is also reflected in the histopatholo-
gical effects which are induced by Cr (V I ) (Van der Putte et a l . , 1981b). 
In the present investigation uptake and transfer of Cr (V I ) in gills of 
rainbow trout was studied in v i t ro . A gill perfusion technique was used as 
described by Part and Svanberg (1981) and Payan and Matty (1975). 
The aim was to learn more about the uptake mechanisms of chromium in f ish 
exposed to Cr (VI ) solutions at pH 6.5 and pH 8 . 1 . Special attention was 
paid to the relation between the transfer of oxygen and the transfer of chro-
mium from the external exposure solution to the internal perfusion medium. 
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MATERIALS AND METHODS 
Fish and water characteristics 
Rainbow trout (Salmo gai rdner i ) , 165 - 200 g , were used in all experi-
ments. They were obtained from a commercial hatchery and kept in aerated 
Uppsala tap-water at a temperature of 10°C - 12°C for at least 3 months be-
fore experimentation. Tap-water characteristics averaged 320 mg/l total hard-
ness as CaC03 , 262 mg/l alkalinity as HC03 and pH 7.6 (see also Part and 
Svanberg, 1981). Water pH was adjusted in the experiments to pH 8.1 ± 0 . 1 
and pH 6.5 ± 0.1 by manual addition of NaOH or HCl. Vigorous aeration was 
maintained to remove excess C0 2 (Van der Putte et a l . , 1981a). Fish were 
acclimated for at least 2 days to the respective pHs. 
During the holding and acclimation period fish were fed daily with a commer-
cial t rout food (Trout feed axtra, Astra-Ewos, Sweden). From 48 h before 
and during the pre-exposure experiment to Cr (V I ) f ish were not fed. The 
photoperiod was 12 h l ight/12 h dark. 
Gill preparation and perfusion 
Gills were prepared and perfused according to the isolated head perfusion 
technique described by Part and Svanberg (1981) and Payan and Matty 
(1975). Br ief ly , the fish were decapitated behind the opercula following he-
parinization, and the ventral and dorsal aortas were cannulated with polye-
thylene catheters (Intramedic PE 90 and PE 190, Clay-Adams Inc. , USA). 
The eight gill arches were simultaneously perfused by connecting the ventral 
aortic catheter to the perfusion pump delivering the perfusion medium. A 
pulsatile perfusion pump with variable stroke volume and frequency was used 
(Part and Svanberg, 1981). The perfusion flow, 1.8 - 2.5 ml/min, was ad-
justed by changing the stroke volume with the frequency kept at 50 beats/ 
min. The pressure in the ventral aorta was measured by a pressure t ransdu-
cer (P 23 Db, Gould Statham Instruments Inc. , USA) connected to a Poten-
tiometrie recorder (Servograph Radiometer, Denmark). The dorsal aortic can-
nula was connected to a chamber which was equipped with an oxygen elec-
trode to measure P levels in the perfusion medium leaving the gi l ls. The 
°2 
oxygen electrode (model "Clark") was constructed on basis of the electrode 
described by Solymar et al. (1971). 
During perfusion the isolated head was placed in a cylindrical box permit-
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t ing circulation of external solution over the gills without leakage at a rate 
of 1.5 ml/min, which was maintained by a rotary pump (Eheim). A similar 
model "Clark" oxygen electrode was used to measure P levels in the exter-
°2 
nal solution. Both the external solution and the perfusion medium were main-
tained at 10°C by a thermostat unit (Heto, Denmark). 
The surgical procedures performed before perfusion were carried out with 
the gills irr igated by aerated tap-water. Average preparation time for each 
of the 18 preparations was 15 min, measured from catching the fish in the 
aquarium until the start of perfusion. The gills were not irr igated for less 
than 1 min during this time. 
Perfusing medium and external solution 
The perfusion medium was Cortland salmonid saline (Wolf, 1963) containing 
40 g/ l of PVP-40 (Polyvinylpyrrol idone, MW = 40 000, Sigma Inc . , USA) and 
5000 IE/I héparine (Sodium-heparine, Vi t rum, Sweden). It was gassed with 
a gas mixture (5.00% 02 ; 0.9% C 0 2 ; 94.1% N2) at room temperature (20°C). 
After gassing the pH of the perfusion f luid was 7.5 at 10°C, the P was 
°2 
31 - 35 mmHg and the P__ was 2 - 4 mmHg. These values are comparable 
c u 2 
with those obtained for venous blood in vivo (Holeton and Randall, 1967; 
Haswell et a l . , 1978). Before use the medium was f i l tered through a 1.2 pm 
f i l ter (Millipore Inc. , USA), followed by the addition of adrenalin (L-epine-
phr ine, Sigma Inc. , USA) to a final concentration of 1. 10 6 mol/ l . 
The external exposure solutions were prepared by adding 5 ml of a 
Na2Cr04 stock solution containing 5 1 C r 0 4 2 (Radiochemical Centre, Amersham) 
to 200 ml tap-water, which was adjusted to pH 8.1 or 6.5. The final concen-
tration was 10 mg/l Cr (V I ) with a specific act ivi ty approximating 50 |jCi/mg 
Cr. 
During perfusion the pH of the external solutions was controlled within 0.1 
unit by manual addition of dilute HCl or NaOH; the oxygen concentration 
was maintained near saturation levels by pressurized air. 
Histology 
i Pieces of the f i rs t r ight gil l arch were cut from*perfused heads and f ixed 
W* 2.5% glutaraldehyde in 0.1 mol/l Na-phosphate buffer (pH = 7.4). 
For scanning electron microscopic examination the gills were postfixed in 
1% osmium tetroxide in 0.1 mol/l Na-phosphate buffer (pH = 7.4) , dehydra-
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ted in a graded ethanol series, and after critical point dry ing with liquid 
C 0 2 , sputter coated with gold. A JSM-35c scanning electron microscope was 
used, operated at 25 keV. 
For l ight microscopic examination the gills were dehydrated in ethanol, 
followed by methylbenzoaat and benzene, and thereafter embedded in para-
plast. The tissues were sectioned at 5 Mm and stained with Delafield's hema-
toxi l in and eosin. 
Experimental procedure 
Three series of perfusion experiments were performed. Two series were 
conducted at pH 6.5 and 8.1 respectively using trout from the stock tanks 
supplied with tap-water. A th i rd series was conducted at pH 6.5 using t rout 
which had been pre-exposed for 4 days to a stable Na2Cr04 solution at a 
concentration of 10 mg/l Cr and a pH of 6.5. Pre-exposure was performed 
under static conditions in a 200-I tank at a temperature ranging from 10 -
12°C, with oxygen concentrations maintained near saturation levels by pres-
surized air. 
The isolated t rout heads were perfused for 10 - 15 min before 5 1Cr ex-
posure to obtain a blood-free preparation. Each 5 1Cr uptake experiment las-
ted 50 min, divided in 10 min periods. During each of these 10-min-periods 
one 10 ml sample of the perfusion medium containing 5 1Cr was collected from 
the dorsal aorta with the perfusion flow being determined gravimetrically. 
The 5 1Cr was concentrated to a volume of 1 ml by precipitation. This was 
accomplished by addition of 0.1 ml of a FeCI2 solution (cone. 1 mol/l) acidi-
fied by HCl (0.12N) followed by addition of 1 ml NaOH (1N). The precipita-
te was centrifuged for 10 min at 900 g_. The recovery was 98 ± 5% (± SD; 
n = 10). The radioactivity of the external solution was checked by 0.5 ml 
samples taken at the start of exposure and at the end of each of the 10-min-
periods. 
P of the external solution and of the perfusion medium leaving the gills 
o2 
was recorded continuously together with the pressure levels in the ventral 
aorta. After exposure, the gills were rinsed for 2 min in Cr- f ree tap-water. 
Tissue samples were taken for histological examination and for the measure-
ment of Cr-accumulation. 
Water and tissue samples were counted in a scintillation counter (Model 1185, 
Nuclear Chicago, USA) for 10 000 counts. 
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Calculation of Cr- inf lux and oxygen transfer 
The influx of chromium from the external solution into the perfusion me-
dium was calculated from: 
5 1 C r . . Q . 60 
Cr 5 i C r * 
e 
F c = influx of Cr in mole . h _ 1 (100 g f i sh ) " 1 
5 1Cr. = 5 1Cr in perf. medium in dorsal aorta (cpm . ml 1 ) 
Q = perfusion flow in ml . min * (100 g f ish) 1 
5 1Cr * = specific activi ty of 5 1Cr in external solution (cpm . mole 1 ) 
From the oxygen tension in the external solution (Pextg ) and the oxy-
gen tensions in the perfusion medium entering and leaving the gills (PVQ 
and Pag respectively) the following parameters could be determined (see 
also Jones et a l . , 1970): 
(Pap2 + Pvp2) 
Mean oxygen tension gradient over the gills (dPQ ) = Pext„ 
(mmHg) 
Oxygen uptake in perfusion medium (VQ ) = (PaQ - P vo,) • a • Q 
CM' O2 min" 1 (100 g f i sh ) " 1 
Vo2 
Oxygen transfer factor (TQ ) = HP— 
(pi 02 min" 1 (100 g f i sh ) " 1 mmHg"1) 
All PQ values in mmHg; a = oxygen solubil ity constant in the perfusion me-
dium at 10°C (pi 02 ml"1 mmHg"1); Q = perfusion flow in ml min 1 (100 g 
f i s h ) " 1 . 
In the calculation of dPg? it was assumed that the oxygen tensions of " i n -
spired" and "expired" water (PiQ and Peg.) in the original equations given 
by Jones et al . (1970) did not dif fer from each other and were equal to 
Pextg . This was considered reasonable as the gills were irr igated at a high 
rate (1.5 ml/min) and as the oxygen uptake from the external solution was 
low. 
Data were analyzed for statistical difference by Wilcoxon's two sample 
rank test (Snedecor and Cochran, 1967). 
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RESULTS 
Oxygen and Cr-transfer 
Results of the perfusion experiments conducted with t rout which had not 
been pre-exposed to Cr (V I ) are given in Table I and Figs. 1 and 2 respec-
t ively. From the P recordings it could be calculated that the addition of 
°2 
chromium to the external medium did not affect the oxygen transfer factor 
(T ) in perfused gi l ls. T values also remained constant dur ing the expo-
Ü2 O2 
sure period. A state of equilibrium in Cr- inf lux (F_ ) was reached after 
the f i rs t 10 min of exposure (Fig. 1). 
The mean equilibrium T and F_ values at pH 8.1 were not statistically 
02 C r ' 
different from those at pH 6.5 (P> 0.1) (Table I ) . On the other hand, as 
shown in Fig. 2, the influx of chromium was always higher at pH 6.5 than 
at pH 8.1 under similar conditions of oxygen transfer. In addition it can be 
seen that F_ tends to increase linearly with respect to T . The slopes of 
L r O2 
the regression lines determined by the method of least squares were 90 and 
101, and linear correlation coefficients were 0.96 and 0.98 at pH 8.1 and 
pH 6.5 respectively. 
Correspondingly uptake of Cr by the perfused gills after the exposure pe-
riod of 50 min was significantly higher at the lower pH (Table I ) . 
TABLE I 
Cr-tissue concentrations (TC) , and equilibrium values for Cr- inf lux (F_ ) 
and oxygen transfer (T ) in perfused t rout gills exposed for 50 min to 
°2 
10 mg/l Cr (V I ) at different pHs. Values are means ± SE for 6 f ish. 
pH F_ . 10 7 T TC 
Cr o2 
mole"1 h " 1 (100 g f i s h ) " 1 |jl 02 m i n " 1 (100 g f i s h ) " 1 mmHg"1 |jg C r / g , wet t issue 
8.1 3.92 + 0.89 0.051 ± 0.009 0.56 ± 0.12 
6.5 4.70 ± 0.53 0.036 ± 0.005 
a
 S ign i f icant ly d i f fe ren t at P<0.025 re lat ive to pH 8.1 
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Fig. 1 . Relation between time, oxygen transfer (T ) and Cr- inf lux (F_ ) 
O2 *~r 
in perfused t rout gills exposed to 10 mg/l Cr (V I ) at two different pH levels. 
Values represent means ± SE of 6 f i sh . 
TABLE II 
Cr-tissue concentrations ( T C X , tentat ive), and equilibrium values for Cr-
influx (F , tentative) and oxygen transfer (T ) in perfused gills of 
\**r O2 
"pre-treated" t rout exposed for 50 min to 10 mg/l Cr (V I ) at pH 6.5. Values 
are means ± SE for 6 f ish . 
Cr 10 TC' 
mole"1 h"1 (100 g fish)"1 pl 02 min"1 (100 g fish)"1 mmHg"1 pg Cr/g, wet tissue 
5.98 ± 0.71 0.014 ± 0.005 6.44 ± 0.89 
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(il 02 min"1 (100 g fish)"1 mm Hg"1 
Fig. 2. Relation between equilibrium values for oxygen transfer (T ) and 
°2 
Cr- inf lux (F_ ) in perfused trout gills exposed to 10 mg/l Cr (VI ) at pH 
6.5 (•) and at pH 8.1 ( • ) . 
Results of the perfusion experiments conducted with pre-exposed t rout 
at pH 6.5 are given in Table II and Figs. 3 and 4. Cr- in f lux (F_ ) and 
Cr uptake values (TC X ) in the gills of these t rout must be regarded as ten-
tat ive, because calculations did not include corrections for exchange reac-
t ions, which probably occurred between stable Cr accumulated by the gills 
during pre-exposure, and 5 1Cr from the external solution during perfusion. 
For this reason F_ and TC are indicated as F_ and TC to mark the 
x 
uncertainty which might be involved. It is clear, however, that F_ values 
in these experiments exhibited a comparable relationship with time and T 
°2 
values as in gills of t rout which had not been pre-exposed to C r ( V I ) . A 
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Fig. 3. Relation between time, oxygen transfer (T ) and Cr- inf lux (F_ x , 
tentative) in perfused gills of "pre-treated" t rou t , exposed to 10 mg/l 
Cr (V I ) at pH 6.5. Values represent means ± SE of 6 f ish . 
conspicuous f inding was that T values of pre-exposed t rout gills were 
°2 
significantly lower than those of the other groups (P<0.05). Under these 
circumstances also the addition of chromium during perfusion did not i n -
fluence the levels of T 
°2 
Histology and ventral aortic pressure 
Recordings during the perfusion experiments showed that the perfusion 
pressure, which is analogous to the ventral aortic pressure, remained stable 
at a level of 25 - 35 mmHg. No rise in pressure, which would have been 
indicative of a non-viable preparation (Part and Svanberg, 1981), was ob-
served. It has been shown by Part and Svanberg (1981), that the perfusion 
technique used, induces no changes in the normal structure of the gi l ls. No 
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Fig. 4. Relation between equilibrium values for oxygen transfer (T ) and 
X 
Cr- inf lux (F_ , tentative) in perfused gills of "pre-treated" t rout , expo-
sed to 10 mg/l Cr (V I ) at pH 6.5. 
structural damage was seen either in gills of t rout which had not been pre-
exposed to Cr (VI ) in the present experiments (Figs. 5A-B) . 
The structure of these gills was similar to those described for unperfused 
gi l ls , except for the absence of blood cells in the blood channels (Newstead, 
1967; Kendall and Dale, 1979). 
However, gills of t rout which had been pre-exposed to Cr (V I ) for 4 days at 
pH 6.5, had undergone structural alterations including hyperplasia of the 
lamellar epithelium, part ly resulting in fusion of the secondary lamellae, 
swollen epithelial cells, and edema in the primary filament (Figs. 5C-D). 
It is clear that all these alterations are adversely affecting the effective 
surface area of the gi l ls. 
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DISCUSSION 
A commom method to study heavy metal uptake by freshwater organisms 
is to analyze the metal content in blood and tissues after exposure. How-
ever, the concentration in the organism, being the net sum of uptake and 
elimination, is subject to large individual variations. Therefore, small chan-
ges in the rate of uptake due to differences in the availability of the metal 
from the external solution, cannot be detected easily. The use of isolated 
organ technology, in this case the perfused gill preparation of t rou t , may 
remove some of the variables and thus smaller differences may be discerned. 
As has been pointed out in previous work concerning Cr (V I ) toxici ty to 
fish (Van der Putte et a l . , 1981a; 1981b), water pH may not only change 
the availability of the metal, due to its influence on metal speciation, but 
may also change the oxidizing action of the metal, which increases at lower 
pHs. These processes are thought to be responsible for the specific accumu-
lation of chromium in gills of t rout exposed to Cr (V I ) in vivo at a relatively 
low pH of 6.5 (Van der Putte et a l . , 1981a). A similar observation was made 
in the present investigation, where perfused gills accumulated significantly 
Fig. 5. Scanning electron micrographs (SEM) and light micrographs (LM) of 
perfused trout gills exposed for 50 min to 10 mg/l Cr (V I ) at pH 6.5. 
(A) Perfused gills with a normal s t ructure; Not "pre-treated" 
t rou t ; 
T = 0.037 (Jl 02 min"1 (100 g f i sh ) " 1 mmHg"1; SEM. 0
 2 
(B) Perfused gills with a normal s t ructure; Not "pre-treated" 
t rout ; 
T = 0.059 ui 02 min"1 (100 g f i sh ) " 1 mmHg"1; LM. 
O 2 
(C) Perfused gills of "pre-treated" t rou t ; Note hyperplasia of the 
lamellar epithelium and swollen epithelial cells; 
T = 0.003 pi 02 min"1 (100 g f i sh ) " 1 mmHg"1; SEM. 
O 2 
(D) Perfused gills of "pre-treated" t rou t ; Note edema in the p r i -
mary filament; 
T = 0.002 pi 02 min" 1 (100 g f i sh ) " 1 mmHg"1; LM. 
O 2 
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'more chromium at the lower p H , a f te r exposure to C r ( V I ) at pH 6.5 and 8.1 
respec t i ve l y . In a d d i t i o n , the pos i t i ve l inear cor re la t ion between C r - t r a n s f e r 
and 0 2 - t r a n s f e r , may suggest t h a t up take mechanisms of these compounds 
are s imi la r . T h i s wou ld ind icate t h a t chromium is t aken up b y the blood b y 
passive d i f f us ion f rom the ex te rna l so lu t ion across the ep i the l ium of t he 
secondary lamellae. When i t is assumed tha t C r - t r a n s f e r is completely c o u -
pled w i t h Oo- t rans fe r , and F_ = 0 when T = 0 ( F i g . 2 ) , i t can be e s t i -
u r o2 
mated by l inear regress ion (Snedecor and C o c h r a n , 1967) t h a t C r - t r a n s f e r 
at pH 6.5 is 1.6 times more e f fec t i ve than at pH 8 . 1 . I ndeed , t h i s small i n -
crease would be d i f f i c u l t to detect by in v i vo exper imen ts . 
Theo re t i ca l l y , t he pH ef fec t on C r - t r a n s f e r may not solely be a t t r i b u t e d to 
d i f f e r e n t concent ra t ions of metal species avai lable to the f i s h , b u t also to a 
change in the permeab i l i t y of t he g i l l ep i the l i um. Th is has also been s u g -
gested by Hodson et a l . (1978) in t h e i r s t u d y on pH- i nduced changes in 
b lood- lead of lead exposed ra inbow t r o u t . On t h e o the r hand i t has recen t -
ly been ind icated tha t acute acid s t ress in isolated pe r fused g i l l s of t r o u t , 
d id not a f fec t the d i f f u s i v e permeab i l i t y of t he g i l l ep i the l ium per se f o r 
t r i t i u m labelled water (Jackson and Fromm, 1980). 
A pos i t i ve l inear co r re la t ion between 02 and metal t r a n s f e r is not f ound 
in pe r fused g i l l s exposed to Cd ( P a r t , unpub l i shed r e s u l t s ) , nor are e q u i -
l i b r i um levels in C d - t r a n s f e r reached as fas t as found f o r C r ( V I ) in the 
p resen t i nves t iga t ion ( P a r t and S v a n b e r g , 1981). 
These f i n d i n g s s u p p o r t the general idea t h a t C r ( V I ) , as an o x o - a n i o n , r ea -
d i ly passes t h r o u g h membranes and behaves tox ico log ica l ly in a manner 
qu i t e d i f f e r e n t f rom most o ther cat ionic heavy metals ( G r a y and S t e r l i n g , 
1950; Knol l and Fromm, 1960; Doudoro f f and Ka tz , 1953). 
The large va r ia t i on in T and F_ values between per fus ion exper iments 
o 2 C r r - i -
is p robab l y an ef fect of va r ia t ions in func t iona l g i l l sur face area. 
Wi th in the animal t h i s fac to r may v a r y due to a change in the number of 
secondary lamellae be ing pe r fused at a g iven t ime ( R a n d a l l , 1970; Hughes , 
1972) or by changes in the re la t i ve degree of pe r fus ion of lamellar exchange 
ve rsus in t ra lamel la r bypass channels (Steen and K r u y s s e , 1964; R ichards 
and Fromm, 1969). Vasoact ive agents such as adrena l ine and acety lcho l ine 
pa r t i c i pa te in the regu la t ion of pe r fus ion f l ow , b u t the exact na tu re of t h i s 
regu la t ion remains unce r ta in ( B o o t h , 1979b). However , i t has recen t l y been 
estab l ished tha t ad rena l ine , wh ich has been added to the pe r fus ion medium 
in the p resen t inves t iga t ion to p r e v e n t v a s o c o n s t r i c t i o n , at least increases 
the p r o p o r t i o n of secondary lamellae rece iv ing blood in in tac t u n r e s t r a i n e d 
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t rout (Booth, 1979a). 
The low T values in perfused gills of rainbow trout that had been pre-
°2 
exposed to Cr (VI ) at pH 6.5 do not seem to be related only to differences 
in lamellar recruitment. It seems that the observed structural alterations in 
the gill tissue impede gas exchange by an increased diffusion distance be-
tween water and perfusion medium, and also by an ineffective irr igation of 
the secondary lamellae. Experimental evidence for an impaired oxygen upta-
ke as a result of gill damage has also been given for t rout exposed in vivo 
to Zn (Skidmore, 1970). 
The tentative f igures for Cr-transfer in pre-exposed gi l ls, indicate that a 
similar relationship exists between Cr- t ransfer , time, and T values as 
°2 
found for gills which had not been pre-exposed to C r (V I ) . 
This would indicate that the uptake pathway of Cr (V I ) in gills of t rout 
which have been exposed during a longer period to the metal is probably 
not drastically changed. 
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Chapter 4 
RESPIRATION AND OSMOREGULATION IN RAINBOW TROUT (SALMO 
GAIRDNERI) EXPOSED TO HEXAVALENT CHROMIUM AT TWO DIFFERENT 
pH LEVELS3 
I. VAN DER PUTTE, M.B.H.M, LAURIER AND G.J.M. VAN EIJK 
Department of Toxicology, Agricultural Universi ty, Wageningen, 
The Netherlands 
SUMMARY 
Recordings were made of the ventilation frequency, coughing rate and 
oxygen uptake rate of rainbow trout (Salmo gairdneri) subjected for 4 days 
to sublethal levels of hexavalent chromium. Experiments were conducted at 
pH values of 7.8 and 6.5 and concentrations ranging between 5 - 5 0 and 
1 - 1 0 mg/l Cr respectively. 
During exposure no significant effect of chromium on oxygen uptake rate 
was detected. The ventilation frequency and coughing rate increased pro-
portionally to an increase in metal concentration, with fish being more sus-
ceptible at the lower pH. 
Alterations in blood and plasma variables determined after exposure in -
cluded a significant dose-dependent decrease in plasma osmolality and elec-
trolyte concentrations, and an increase in hemoglobin, hematocrit, plasma 
glucose and lactate levels. The pattern of these changes was dependent on 
pH and exposure concentration, and seemed to be related with chromium-
induced histological alterations. The results indicate, that at pH 7.8 as well 
as at pH 6.5 both an osmoregulatory and respiratory dysfunction are part 
of the physiological mechanism of hexavalent chromium toxic i ty . 
Key words: chromium, pH, rainbow t rout , respiration, osmoregulation 
Submitted to Aquat. Toxicol. 
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INTRODUCTION 
Several studies have shown that exposure of fish to heavy metals leads 
to a number of disturbed physiological processes (Alabaster and Lloyd, 
1980). Some work has been focussed on the respiratory changes induced by 
these compounds. This approach was stimulated by the suggestion that the 
action of metals might be primarily on the gill surface and might consequent-
ly affect gaseous exchange (Jones, 1947; Skidmore, 1970; Sellers et a l . , 
1975). Other studies have emphasized the effect of metals on water- and 
ion-balance in fish (McKim et a l . , 1970; Lewis and Lewis, 1971; Larsson et 
a l . , 1981; Lock et a l . , 1981). Certainly, it has frequently been observed 
that acute or subacute exposure to metals causes histological alterations in 
organs involved in respiration (gi l ls) and osmoregulation (g i l ls , kidney and 
intestine). This has been reported for metals like cadmium (Gardner and 
Yevich, 1970), zinc (Skidmore and Tovel l , 1972), copper (Baker, 1969) and 
mercury (Wobeser, 1975). What molecular and biochemical changes precede 
such cellular and systemic effects is not yet ful ly understood. Nor is it 
clear what relative importance an impairment of respiration or osmoregulation 
has for the toxic mechanism of a metal, and what factors influence the in -
duction of this impairment (Hughes and Flos, 1978). 
Exposure of f ish to hexavalent chromium, C r ( V I ) , also has a number of 
effects suggestive of an osmoregulatory and/or respiratory impairment. It 
has been established that the metal is accumulated in gi l ls, kidney and in -
testine (Knoll and Fromm, 1960; Van der Putte et a l . , 1981a), causes histo-
patholocigal changes in these tissues (St r ik et a l . , 1975; Van der Putte et 
a l . , 1981b), adversely affects salinity tolerance (Sugatt, 1980), inhibits 
Na , K -ATPase in kidney and intestine (Kuhnert et a l . , 1976) and decrea-
ses plasma osmolality in blood of rainbow trout (Van der Putte et a l . , 
1981b). However, at which site accumulation and histological alterations oc-
cur mainly, v iz. in gills and/or internal organs, is largely dependent on 
water pH (Van der Putte et a l . , 1981a; 1981b). 
The present study was performed to investigate the alterations in respi-
ratory activi ty of rainbow trout during a short-term exposure to Cr (V I ) at 
dif ferent pH values. After exposure, effects on some hematological variables, 
carbohydrate metabolism, plasma osmolality and electrolyte concentrations 
were examined to provide information on the pattern of a possible osmore-
gulatory and respiratory distress. Ion-regulating tissues were studied his-
tologically in an attempt to correlate the findings with chromium-induced 
structural alterations. 
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MATERIALS AND METHODS 
Fish source and maintainance 
Rainbow trout (Salmo gairdneri) were reared in the laboratory from fer-
tilized eggs obtained from a commercial hatchery. They were kept in tap-
water with constant characteristics averaging 80 mg/l total hardness as 
CaCo3, 92 mg/l alkalinity as HC03" and pH 7.8 (see also Van der Putte et 
a l . , 1981a). 
Fish selected for experiments were 1 to 2 year old, had weights of 195 ± 
65 g (mean ± SD) and total lenghts of 27 ± 5 cm. They were fed each day 
a maintainance ratio of a commercial food (T rouv i t ) . The feeding times were 
randomized to prevent a conditioning of the fish to a particular time sche-
dule (Davis and Bardach, 1965; Sellers et a l . , 1975). Fish were not fed for 
72 h before exposure to C r ( V I ) , in order to place them in a post-absorptive 
state (Beamish, 1964b; O'Hara, 1971b). The tap-water temperature dur ing 
holding and testing of the t rout was maintained at 13.0 ± 0.5 °C using a 
hot water heat exchange system. The laboratory temperature was controlled 
at 13 ± 2 °C. A photoperiod of 12 h l ight, ran from 09.00 to 21.00 h. 
Exposure system 
Tests were performed in an electrode-chamber system, including one 
control and four treatment chambers (Fig. 1). Each chamber was enclosed 
in a screen to shield the f ish from outside visual disturbance. 
Tap-water was introduced from a 100-1 head reservoir via 3-1 mixing 
vessels into the respective electrode chambers at a rate of 15 l /h . Stock 
solutions having different concentrations of reagent grade sodium Chromate 
(Na2Cr04) and adjusted to the required pH with dilute HCl were metered 
into the mixing vessels at a rate of 50 ml /h . Peristaltic pumps were used 
for the introduction of stock solution to the mixing vessels; mixing was 
accomplished by a magnetic s t i r re r . Tap-water was delivered by a constant 
pressure pump with the flow being controlled by a flow meter. The pH of 
the tap-water in the head reservoir was kept at the required level ± 0.1 U 
as described by Van der Putte et al . (1981b); vigorous aeration was main-
tained to mix the water thoroughly and to remove excess C0 2 released by 
lowering of pH. 
The design of the electrode chambers was based on that of Spoor et al . 
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Fig. 1 . Diagram of the electrode chamber in the experimental setup. ( A ) , 
water supply; ( B ) , air supply; (C ) , reservoir; (D ) , constant pressure 
pump; (E ) , flow meter; (F ) , mixing vessel; (G) , peristaltic pump; (H) , Cr 
stock solution; ( I ) , electrode chamber; ( J ) , by-pass with taps; ( K ) , oxy-
gen sensing probe; ( L 1 2 ) , magnetic s t i r rer ; (M), oxygen meter; (N) , re-
corder; (O) , differential amplifier; (P) , oscilloscope; (Q) , visicorder. 
(1971) and Roberts (1964). They consisted each of a rectangular glass aqua-
rium (52 cm long x 15 cm wide x 10 cm high) that could be closed airt ight 
at the top by a plexiglass cover. Water entered the chambers through a 
nozzle and a flow-straightening baffle similar to that of Poels (1975) and 
left through a perforated plate. These adaptations were necessary to pre-
vent short-circuit ing of incoming water and resulted in plug flow characte-
rized by an axial dispersion number of approx. 0.05 determined after 
Levenspiel (1962) and Levenspiel and Bisschoff (1963). Recording electro-
des consisting of rectangles of stainless steel mesh were placed at each end 
of the fish compartment and covered the total cross section of the chambers. 
The potential change between the electrodes induced by the ventilatory mo-
vements of the fish (Spoor et a l . , 1971; Drummond et a l . , 1973) was ampli-
fied by a differential amplifier (Frederick Haer and Co., model 74/20/1) 
operated at a gain of approx. 10 000. Filters were used to limit the f re-
quency response of the amplification system to 0.5 - 5 Hz. The amplified 
venti latory signals, including the ventilation frequency and coughing rate, 
were displayed on an oscilloscope (Hewlett-Packard, model 1223A) and on 
an oscillograph visicorder (Honeywell, model 1706). 
The air t ight construction of the electrode chamber enabled oxygen uptake 
measurements as well. This was accomplished by the determination of oxygen 
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levels in the water before and after passage through the test chambers as 
described by O'Hara (1971a). Oxygen determinations were made with a WTW 
model oxi-56 oxygen meter and records were made on a str ip chart recorder. 
The tap-water flow rate of 15 l/h allowed the fish to lower the oxygen con-
tent in the water by 1 - 2 mg/ l . The oxygen levels in the electrode cham-
bers remained therefore above 8.0 mg/l at all times. 
Experimental procedure 
Individual fish were put into the electrode chambers and allowed to ac-
climate for 2 wk to the exposure system and water pH. 
Two series of tests were performed in which the fish were exposed to 
Cr (VI ) for 4 days. One series was conducted at pH 7.8 and nominal con-
centrations of 0 (control ) , 5, 10, 25, and 50 mg/l C r ( V I ) . Another series 
was conducted at pH 6.5 and nominal concentrations of 0 (control ) , 1 , 2, 
5, and 10 mg/l C r ( V I ) . Each test was replicated five times and thus 6 fish 
were studied at each concentration. The test concentrations varied by not 
more than 10% of the scheduled nominal values, as determined by daily 
measurements using the diphenylcarbazide colorimetric method (APHA, 1971). 
Recordings of the ventilation frequency and coughing rate were made 
during the l ight period starting at 09.30 h and 2, 4, 6, and 10 h later. A 
5-min section of the records was used to calculate individual group mean 
data. During the same period oxygen uptake by the fish was monitored 
twice for 1 h. The monitoring of these venti latory and respiratory parame-
ters was initiated 24 h before the start of Cr (VI ) exposure to provide a 
background for the test results. The background period is referred to as 
day 0. Beginning with the f i rs t 24-h of exposure, test days are referred 
to as day 1, 2 etc. 
After exposure, fish were anaesthetized within 1 min in a solution of t r i -
caine (MS-222), neutralized with sodium bicarbonate according to the proce-
dure described by Wedemeyer and Yasutake (1977). Blood was drawn by a 
heparinized syringe from the caudal vessels and analyzed for its composition. 
Immediately determined were hematocrit and hemoglobin according to the me-
thods of Wedemeyer and Yasutake (1977), plasma glucose according to the 
enzymatic GOD-Perid method and plasma lactate according to the enzymatic 
lactate test-UV method (Boehringer Mannheim Corp . ) . 
The rest of the blood was rapidly centr i fuged. Plasma was immediately 
deep-frozen and stored at -20 °C. Later, the plasma sodium and potassium 
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concentrations were determined by flame atomic absorption (Perkin-Elmer, 
model 51 Ca). Plasma osmolality was measured by freezing point depression 
with a Vogel Micro Osmometer. 
Histological preparations were made of g i l l , kidney and intestine according 
to the procedure described by Van der Putte et al . (1981b). 
Statistics 
At each pH, a two-way analysis of variance (experimental period on 6 
levels vs. Cr (V I ) concentrations on 5 levels) was performed on blood, plas-
ma, respiratory and ventilatory data respectively. The mean daily increase 
in oxygen uptake rate, ventilation frequency and coughing rate for each 
fish during the exposure period of 4 days was used as the respiratory and 
venti latory response in the analysis. This approach was employed because 
of the great individual variabil i ty in the basic ventilation and respiration 
pattern of unexposed f ish. 
The possible effects of Cr (V I ) and experimental period on the responses 
were assumed to be additive, i.e. without interaction. Thus variances were 
estimated with 20 degrees of freedom (Snedecor and Cochran, 1967). 
Statistical inference on the effects of Cr (V I ) was carried out by considering 
the differences between each of the 4 treatments (Cr (VI )-exposure) and the 
control. Furthermore effects of Cr (V I ) were decomposed in linear ( f i rs t de-
gree) and residual (second, t h i r d , and fourth degree) components by the 
use of orthogonal polynomial regresssion equations (Sokal and Rohlf, 1969). 
In all cases the critical level (P) of the appropriate t - or F- test is compa-
red with the usual significance levels (0.1 - 0.001). 
RESULTS 
Alterations in respiratory activi ty 
Analysis of variance did not show that the performance of experiments 
at consecutive periods of time influenced the respiratory and venti latory 
response of the fish to a specific Cr (V I ) concentration (P >0.1). 
The mean daily ventilation frequencies and coughing rates of different 
groups of rainbow trout exposed to C r ( V I ) , followed the trends shown in 
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Fig. 2. Ventilation frequency of t rout during exposure to various concen-
trations of Cr (VI ) at (a ) , pH 7.8 and ( b ) , pH 6.5. Values are means ± SE 
for 6 f ish . 
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Fig. 3. Coughing rate of trout dur ing exposure to various concentrations of 
Cr (VI ) at (a ) , pH 7.8 and ( b ) , pH 6.5. Values are means ± SE for 6 f ish . 
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There was an overall increase in response with increasing exposure time 
and concentration. Exceptions are the coughing rates of fish exposed to 25 
and 50 mg/l Cr (V I ) at pH 7.8, that seemed to decline after exposure for 
2 days. Ventilation frequencies and coughing rates of unexposed fish re-
mained at a stable level dur ing the whole exposure period. 
The notorious variabi l i ty in respiratory activity of individual fish (Sellers 
et a l . , 1975) was also reflected in the results of the present investigation. 
Basal ventilation frequencies ranged from 0.6 to 1.5 Hz, whereas basal 
coughing rates ranged from 0.1 to 2.3 coughs/min. The mean background 
oxygen uptake rate of the different groups of t rout was 104 mg 02 /kg f ish.h 
and ranged from 62 to 184 mg 02 /kg f ish.h for the individual f ish . It is 
known that due to this individual variabi l i ty the absolute data cannot be 
used to determine the respiratory and venti latory response of fish to a 
toxicant. Several methods have therefore been proposed in the l iterature to 
overcome this problem (Ultsch et a l . , 1980; Drummond et a l . , 1974). The 
mean daily increase in ventilation frequency, coughing rate and oxygen up-
take rate, used in this study as response cr i ter ia, are presented in Fig. 4. 
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Fig. 4. Mean daily increase in (a ) , ventilation frequency, ( b ) , coughing 
rate, and ( c ) , oxygen uptake rate of t rout during exposure for 4 da\s to 
various concentrations of Cr (VI ) at pH 7.8 and pH 6.5. The columns repre-
sent mean values ± SE for 6 f ish . One asterisk indicates significant di f fe-
rence from the control group at P <0.05, two asterisks at P <0.01. 
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At pH 6.5, Cr (VI ) induced an increase in ventilation frequency and 
coughing rate at much lower concentrations than at pH 7.8. At both pH val -
ues this increase was linearly related with the exposure levels (P <0.001). 
The oxygen uptake rate was not significantly affected by exposure to 
Cr (V I ) , although a slight decrease in the mean values was noted at pH 6.5 
and concentrations of 5 and 10 mg/l C r ( V I ) . 
Alterations in blood and plasma variables 
The effects of the period of experimentation on the blood and plasma va-
riables of rainbow trout were also found to be non significant (P >0.1). 
Osmotic values, electrolyte, glucose and lactate concentrations of the 
plasma at various Cr (VI ) concentrations are presented in Table I. Both at 
pH 7.8 and pH 6.5 a decrease in plasma osmolality was induced by C r ( V I ) , 
but the dosage required for a significant decrease was much lower at pH 
6.5. 
TABLE I 
Osmolality, electrolyte, lactate, and glucose concentrations of blood plasma 
of rainbow trout exposed for 4 days to various concentrations of Cr (V I ) at 
pH 7.8 and pH 6.5. 
pH Cr(VI ) Osmolality 
(mg/l) (mOsmol/l) 
M + a Na 
(meq/l) 
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Values are means ± SE for 6 fish 
Significantly different from control at P <0.05 
Significantly different from control at P <0.01 
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Furthermore, a significant decrease in plasma osmolality coincided with a de-
crease in sodium concentrations, and at pH 7.8 also the potassium concen-
trations were depressed. Glucose and lactate concentrations were increased 
by C r ( V I ) , especially at the lower pH. Except for the decrease in sodium 
concentration at pH 6.5, the decrease in plasma osmolality and electrolyte 
concentrations were linearly dependent on the exposure levels (P <0.001). 
This linear dependency was also found for the increase in plasma glucose 
and lactate concentrations. 
Finally i t was a remarkable f inding that at pH 7.8 lactate concentrations 
changed significantly at much higher Cr (V I ) concentrations than osmolality 
values and electrolyte concentrations. The reverse is the case at pH 6.5. 
These data indicate that the pattern of alterations of plasma variables is 
dependent on pH. 
Hematocrit values, hemoglobin and mean corpuscular hemoglobin concentra-
tions in the blood of t rout at various exposure concentrations are presen-
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Fig. 5. (a ) , Hematocrit values, ( b ) , hemoglobin, and ( c ) , mean corpuscular 
hemoglobin concentrations of blood of t rout exposed for 4 days to various 
concentrations of Cr (V I ) at pH 7.8 and pH 6.5. Symbols as in Fig. 4. 
At both pH values hematocrit and hemoglobin concentrations increased l i -
nearly with the exposure levels (P <0.001). Significant effects were induced 
by much lower concentrations of Cr (VI ) at pH 6.5 than at pH 7.8. The 
mean corpuscular hemoglobin concentration, which was calculated by d iv i -
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ding the hemoglobin concentration x 100 by the hematocrit, did not change 
signif icantly. This indicates that the rise in hematocrit values is probably 
a result of an increase in number, and not in volume of red cells. 
Histological alterations 
Structural changes induced by exposure to Cr (V I ) at dif ferent pH values 
in these experiments were found to be largely similar to those previously 
reported by Van der Putte et al . (1981b). At pH 6.5 changes were restr ic-
ted to the gills and included hypertrophy and hyperplasia of the lamellar 
epithelium with some detachment of epithelial cells. These changes were more 
pronounced with increasing exposure concentrations. At pH 7.8 and Cr (V I ) 
concentrations of 25 and 50 mg/ l , lumina of kidney tubules were dilated and 
the nucleus-to-cytoplasma ratio in the tubular epithelium was increased. 
Hypertrophy and some hyperplasia of the gill lamellar epithelium occurred 
only at an exposure concentration of 50 mg/l C r (V I ) . No histological alter-
ations in the intestinal tract were found. 
DISCUSSION 
The results of the present experiments show that sublethal concentra-
tions of Cr (V I ) affect the respiratory activity and osmoregulatory function 
of t rout at pH 7.8 as well as at pH 6.5. However, when the severity of ef-
fects is considered, Cr (V I ) is more toxic at pH 6.5 than at pH 7.8: The 
dosage required to induce comparable effects on plasma osmolality, venti la-
tion frequency and coughing rate was roughly 2 - 5 times higher at pH 7.8 
than at pH 6.5. This is in accordance with the previously reported enhan-
cement of the lethal action of Cr (V I ) by 'a decrease in pH (Van der Putte 
et a l . , 1981a; 1981b). 
The induced venti latory alterations are not specific for C r ( V I ) , but have 
also been recorded in f ish exposed to mercury (Drummond et a l . , 1974), 
zinc (Hughes and Adeney, 1977), copper (Drummond et a l . , 1973), kraft 
mill effluent (Walden et a l . , 1970) and organochlorine pesticides (Lunn et 
a l . , 1976). However, the cause of these alterations is not yet fu l ly under-
stood . 
Heath (1973) and Bramford (1974) concluded that the arterial oxygen 
tension is the primary controlling factor for the ventilation frequency in 
f i sh . In the present study gill epithelial damage and increased levels of 
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plasma lactate suggest a blockage of oxygen uptake in the gills and a shift 
to some anaerobic metabolism. Indeed elevated levels in ventilation frequen-
cy, hematocrit, plasma glucose and lactate, which have been observed in 
the present experiments, have also been found in f ish subjected to severe 
hypoxic conditions (Heath and Pri tchard, 1965; Holeton and Randall, 1967). 
Direct evidence for a link between an increase in ventilation frequency and 
a decrease in arterial blood oxygen tension and/or increase in blood lactate 
concentrations has been provided for t rout exposed to chlorine (Bass and 
Heath, 1977) and zinc (Skidmore, 1970; Sellers et a l . , 1975). 
Another f inding in support of the assumption that Cr (V I ) induces a respira-
t o r y dysfunction that is at least part ly due to gill damage, has recently 
been obtained in gil l-perfusion experiments. In these experiments it was 
noted that the transfer of oxygen in perfused gills of t rout which had been 
pre-exposed for 4 days to 10 mg/l Cr (VI ) at pH 6.5 was greatly impaired 
(Van der Putte and Part, 1981, submitted). 
The alteration of the other venti latory parameter measured, coughing ra-
te, is probably not caused by a decrease in arterial blood oxygen tension 
(Hughes, 1975). As suggested by Bass and Heath (1977) for chlorine, 
which is also an oxidizing agent, a general i rr i tat ion of the gill membranes 
seems to be a better explanation for the increased coughing rate. On the 
other hand, it is to be expected that a drastic increase in coughing rate 
adversely affects the efficiency of oxygen transport as the coughing reflex 
involves water flow reversals at the gill surface (Davis, 1973). Oxygen de-
ficiency in t rout exposed to Cr (VI ) may therefore have been caused by gill 
epithelial damage in conjunction with a high coughing rate. 
The rate of oxygen uptake did not alter dunng exposure to C r (V I ) , al-
though an induced increase in ventilatory activity involved a greater energy 
expenditure. Possibly, alterations in oxygen uptake were masked by varia-
tions in spontaneous activity of the f ish. On the other hand, the mean oxy-
gen uptake rate value of 104 mg 02 /kg f ish.h in our experiments was only 
sl ightly higher than the standard rate of oxygen uptake at 15 "C recorded 
by Beamish (1964a) and Job (1955) for brook trout of the same size. It is 
therefore probable that the spontaneous activity of fish in the electrode 
chambers was generally quite low. 
In addition it has been shown by Skidmore (1970) that rainbow trout with a 
reduced arterial oxygen tension caused by exposure to zinc, exhibited a 
normal rate of oxygen uptake. This is also in accordance with the observa-
tion by Holeton and Randall (1967) that the rate of oxygen uptake by trout 
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did not alter during progressive deoxygenation of the environment, a l-
though lactate concentrations in blood were elevated. 
These data support the idea that fish exposed to Cr (V I ) had to work in -
creasingly hard to maintain an adequate rate of oxygen uptake. 
The observations in the present investigation indicate that not only a 
respiratory impairment but also an osmoregulatory dysfunction is part of the 
physiological mechanism of Cr (VI ) toxic i ty. At pH 7.8 the decrease in plas-
ma osmolality at the higher Cr concentrations coincided with a decrease in 
plasma sodium and potassium concentrations, whereas at pH 6.5 only the 
sodium concentration was found to be depressed. This difference seems to 
be related with the structural alterations induced in both kidney and gills 
at pH 7.8 and in gills only at pH 6.5. It has been shown by Gardner and 
Yevich (1970) that a euryhaline teleost (Fundulus heteroclitus) exposed to 
cadmium also suffered from pathological alterations in renal tubules. A de-
pression in plasma potassium concentration in flounder (Platichtys flesus L.) 
exposed to cadmium, has been suggested to be associated with kidney da-
mage (Larsson et a l . , 1981). In parallel with the latter suggestion, i t may 
be that a defective renal function induced by Cr (V I ) at pH 7.8, resulted in 
an impaired reabsorption of potassium and sodium ions in the renal tubules. 
This is supported by the results of Kuhnert et al . (1976) indicating that at 
least Na , K -ATPase activi ty in kidney is inhibited in rainbow trout by 
exposure to Cr (VI ) (as Chromate). Na , K -ATPase activi ty in gills was not 
found to be significantly inhibited although the influence of pH had not 
been studied. 
At the lower pH it may be that Cr (V I ) changed the permeability characte-
ristics of the gills for water, as shown for mercury in t rout (Lock et a l . , 
1981). As a consequence a greater renal loss of sodium ions will occur by 
an enhanced urine flow, which is not fu l ly compensated by an increased 
uptake of these ions via the damaged gi l ls. 
Finally the results show that the pattern of alterations in plasma varia-
bles were dependent on pH. This would also indicate that the underlying 
mechanisms of chromium-induced alterations are dif ferent at pH 6.5 and 7.8, 
although the ultimate physiological effects, v iz. osmoregulatory and respira-
tory dysfunct ion, are similar. 
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Chapter 5 
EFFECTS OF HEXAVALENT CHROMIUM IN RAINBOW TROUT (SALMO 
GAIRDNERI) AFTER PROLONGED EXPOSURE AT TWO DIFFERENT pH 
LEVELS3 
I. VAN DER PUTTE, W. VAN DER GALIEN AND J.J .T.W.A. STRIK 
Department of Toxicology, Agricultural University, Wageningen, 
The Netherlands 
SUMMARY 
Toxic effects were studied in rainbow trout (Salmo gairdneri) exposed to 
Na2Cr04 solutions of different concentrations (0.02, 0.2, and 2.0 mg/1 Cr) 
and pH (7.8 and 6.5) . The study involved an embryo-through-juvenile and 
an alevin-through-juvenile exposure for 32 wk, and an exposure of yearling 
t rout for 1 , 3, 6, and 12 wk respectively. The experiments were started at 
the same time of the year and were carried out concurrently. 
When survival was used as the cr i ter ion, Cr was more toxic at pH 6.5 
than at pH 7.8 in all life stages studied. For t rout in the embryo-through-
juvenile exposure study the lowest concentrations inducing an increase in 
mortality were 0.2 mg/l Cr at pH 6.5 and 2.0 mg/l Cr at pH 7.8. Embryo 
hatchability was only affected at the highest exposure concentration at a pH 
of 6.5. No growth retardation was detected at the termination of the expe-
riments. 
In addition to survival and growth, biochemical, hematological and histo-
logical changes were studied as indicators of toxicity in yearling t rout . 
These parameters also showed that fish were more susceptible to Cr at the 
lower pH. The observed effects are discussed in relation to previously re-
ported findings in short-term toxici ty tests. 
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INTRODUCTION 
The toxicity of hexavalent chromium, C r ( V I ) , to fish has frequently 
been studied in short-term experiments with a duration of one to four days. 
Little information is available on the toxic effects due to prolonged exposure 
to the metal. Most of it concerns results from partial and complete life cycle 
tests in which reproduction and/or hatchabil i ty, growth and survival were 
used as criteria for toxic effect: Olson (1958) and Olson and Foster (1956, 
1957) exposed chinook salmon (Oncorhynchus ishawytscha) and rainbow 
trout (Salmo gairdneri) at early life stages to C r ( V I ) ; Benoit (1976) exami-
ned the chronic effects of Cr (VI ) on brook t rout (Salvelinus fontinalis) and 
rainbow trout ; Sauter et al . (1976) studied the effects of Cr (V I ) on eggs 
and alevins of seven fish species; and Pickering (1980) investigated the 
chronic toxicity of Cr (VI ) to the fathead minnow (Pimephales promelas). In 
these studies the lowest concentrations causing mortality varied from 0.08 
mg/l Cr (VI ) for chinook salmon and rainbow trout (Olson and Foster, 1956) 
to 3.95 mg/l Cr (VI ) for the fathead minnow (Pickering, 1980). Growth re-
tardation occurred at even lower concentrations, but was shown to be only 
temporary for the species studied by Benoit (1976) and Pickering (1980). In 
all tests survival and/or growth of alevins were affected at concentrations 
lower than those that did affect hatchability or reproduction. 
It is known from acute exposure studies that pH is one of the most im-
portant water characteristics modifying Cr (VI ) toxicity to fish (Trama and 
Benoit, 1960; Van der Putte et a l . , 1981a; 1981b). Nevertheless, the effect 
of pH has not yet been studied under conditions of prolonged exposure. 
The main objective of the present study was to investigate the effects of 
Cr (V I ) on rainbow trout during exposure at different pH values for periods 
of up to 32 weeks. In addition to hatchabil i ty, survival and growth, atten-
tion was paid also to a number of biochemical, hematological and histological 
parameters. 
MATERIALS AND METHODS 
Fish and water characteristics 
Tests were initiated with rainbow trout (Salmo gairdneri) as yearl ings, 
swim-up alevins and eyed embryos. All t rout were obtained from the same 
commercial hatchery as ferti l ized eggs. They were reared in tap-water with 
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constant characteristics averaging 80 mg/l total hardness as CaC03 , 92 mg/l 
alkalinity as HC03" and pH 7.8. 
Tap-water was used in the tests at its original pH of 7.8 and at a decrea-
sed pH of 6.5, maintained within 0.1 U of the required pH with an automa-
tic pH-stat which added dilute NaOH or HCl to the tap-water in reservoirs 
of 300 I (see also Van der Putte et a l . , 1981a). 
Trout at the various developmental stages were acclimated to the pH of 
the tap-water and to the exposure system for at least 2 wk before exposu-
re. Alevins were 5 wk old and embryos were in the late eyed stage at the 
start of exposure. Yearling t rout were 14 mth old, had initial weights of 
45 ± 10 g (mean ± SD) and total lengths of 17 ± 1 cm. Fish were fed with a 
commercial food according to the manufacturers scheme (Trouv i t , Putten, 
The Netherlands). The frequency of feeding was reduced from 6 times daily 
for swim-up alevins to 2 - 3 times daily for t rout exceeding an age of 10 wk. 
The tap-water temperature during holding and testing of the trout was 
maintained at 12.0 ± 0.5 °C using a hot water heat exchange system. The 
laboratory temperature was controlled at 12 ± 2 °C. The photoperiod was 12 
h l ight/12 h dark, with 0.5 h dimming and brightening within the light pe-
riod provided by incandescent bulbs. 
Exposure system 
Tests were performed in identical diluter and test-chamber units, each 
including one control and three treatment chambers. The systems for pH 
control, tap-water and toxicant delivery were similar to those described by 
Van der Putte et al . (1981b). 
Three different types of test-chambers were used depending on the de-
velopmental stages reached by the various fish groups during exposure. 
Glass aquaria with a water volume of 80 I were used for yearling trout and 
t rout that had reached the 12 wk - old juvenile stage. Alevins were held in 
plexiglass aquaria with a water volume of 20 I, equipped with stainless steel 
mesh screens at the bottom. These aquaria were designed to direct the flow 
of test-water up through the fish compartments. Embryos were kept unti l 
1 wk after hatch in 0.5-I chambers of a similar design, that were inserted 
in the water-flow system between the diluter and alevin holding chambers. 
Test-water flow rates averaged 80 l/h for aquaria containing yearlings 
and juveniles and 16 l/h for those containing embryos and alevins to meet a 
flow criterion of 2 - 3 l/g of fish per day. Replacement times for 95% of the 
96 -
test solutions were calculated to be less than 4 h (Sprague, 1969). The test 
solutions were aerated gently throughout exposure to keep the oxygen con-
centration above 90% saturation; debris were siphoned daily. All chambers 
were enclosed in a screen to shield the fish from outside visual disturbance. 
Embryos and alevins up to 4 wk old were protected from direct l ight by 
sheets of black plastic. 
Experimental procedure 
Tests were performed at nominal concentrations of 0 (contro l ) , 0.02, 
0.2, and 2.0 mg/l Cr (V I ) and pH values of 7.8 and 6.5 respectively. The 
test concentrations varied by not more than 5% of the scheduled nominal 
values as determined by weekly measurements using the diphenylcarbazide 
colorimetric method as described by APHA (1971). The pH was checked 
daily and was always within 0.1 U of the required value. 
The exposures of t rout at the various developmental stages were started 
simultaneously in Apri l 1980. The embryo-through-juvenile exposure lasting 
32 wk, was initiated with 100 eyed embryos at each concentration. After 
hatch, the number of alevins were randomly reduced to 50 per concentra-
t ion. 
The 32-wk alevin-through-juvenile exposure was initiated with 50 alevins 
per concentration. Mortality in embryos, alevins and juveniles was recorded 
dai ly. After exposure total wet weights of individual surviv ing fish were 
measured. Length measurements were made during the embryo-through-
juvenile exposure at intervals of 6, 10, 16, 24, and 32 wk after the start of 
exposure using the photographic method described by Martin (1969). 
Exposure of yearling t rout was initiated with 25 fish per concentration. 
At intervals of 1, 3, 6, and 12 wk of exposure 5 fish out of each group 
were sampled and anaesthetized in a solution of tricaine (MS-222) neutral i-
zed with sodium bicarbonate, according to the procedure described by 
Wedemeyer and Yasutake (1977). Total lengths and wet weights were deter-
mined, and blood was drawn from the caudal vessels by a heparinized sy-
ringe and subsequently analyzed for its composition. Hematocrit and hemo-
globin were determined immediately according to the methods of Wedemeyer 
and Yasutake (1977). Plasma glucose was measured according to the enzy-
matic GOD-Perid method and plasma lactate according to the enzymatic lac-
tate test-UV method (Boehringer Mannheim Corp . ) . The remainder of the 
blood was centr i fuged. Plasma was deep-frozen immediately and stored at 
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-20 °C. At a later stage, the plasma sodium concentrations were determined 
by flame atomic absorption (Perkin-Elmer, model 51Ca). Plasma osmolality 
was measured by freezing point depression with a Vogel Micro Osmometer. 
Histological preparations were made of gil l and kidney according to the 
procedure described by Van der Putte et al. (1981b). Na / « -ATPase acti-
v i ty in the microsomal fraction of gill and kidney tissues was determined ac-
cording to the procedure described by Lock et al . (1981). 
A statistical analysis of the data was carried out by testing control va-
lues against treatment values according to the Student's t - test and Wilcoxon's 
two sample rank test. 
RESULTS 
Embryo-through-juvenile exposure 
Hatchability, survival and growth data are presented in Table I. Percen-
tage mortality and total lengths of fish at dif ferent time intervals of expo-
sure are given in Figs. 1a-b and 2a-b respectively. 
At pH 7.8 embryo hatchability was not affected by Cr (V I ) as 98 - 100% 
of the embryos hatched successfully at all concentrations tested including 
the control (Table I ) . Survival and growth of f ish from exposed embryos 
were adversely affected at a concentration of 2.0 mg/ l . In this group morta-
l i ty increased progressively until 68% had died at the termination of the 
test; mortality in the control group amounted to 19% (F ig . 1a). 
In addition yolk absorption was slower than in the control and the smallest 
f ish were observed to be always the f i rs t to die. They were lethargic, did 
not swim up to accept food and eventually starved to death. Although 
growth in length was significantly retarded after 16 and 24 wk of exposure 
(P<0.01, Wilcoxon's two sample rank tes t ) , no significant difference in 
growth relative to the controls was observed at the termination of exposure. 
This was probably caused by the fact that only the larger fish had surv i -
ved the exposure to 2.0 mg/l C r ( V I ) . Survival and growth of fish exposed 
to concentrations of 0.2 and 0.02 mg/l Cr (V I ) at pH 7.8 were similar to 
those of the control f ish . 
At pH 6.5 embryo hatchability was sl ightly affected at a concentration of 
2.0 mg/l C r ( V I ) . Only 84% of the embryos hatched successfully at this con-
centration in contrast to 98 - 100% at all other concentrations tested inclu-
ding the control (Table I ) . Within 3 wk of exposure to 2.0 mg/l Cr (V I ) all 
98 -
TABLE I 
Hatchability, survival and wet weight of rainbow t rout exposed for 32 wk 


















































































































Values are means ± SD 
Numbers of fish in parenthesis 
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o — o 2.0 mg/ l Cr (SI) 
"—a 0.2 mg/ l Cr (SI) 
o—o 0.02mg/l Cr (SI ) 
x—x control 
24 32 
exposure time (weeks) 
Fig. 1 . Percentage mortality of rainbow trout during the embryo-through-
juvenile exposure to various concentrations of Cr (V I ) at pH 7.8 (a) and 
pH 6.5 ( b ) . 
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 û 0 2 mg/ l Cr (3ÏÏ) 
° n 002 mg / l Cr (21) 
x * control 
24 32 
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Fig. 2. Total lengths of rainbow trout during the embryo-through-juvenile 
exposure to various concentrations of Cr (V I ) at pH 7.8 (a) and pH 6.5 ( b ) . 
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-o 2.0 mg/l Cr (21) 
-a 02 mg/l Cr (21) 
-o Q02mg/l Cr (21) 
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Fig. 3. Percentage mortality of rainbow trout during the alevin-through-
juvenile exposure to various concentrations of Cr (V I ) at pH 7.8 (a) and 
pH 6.5 ( b ) . 
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fish had died. At pH 6.5 fish survival was also affected by exposure to 
0.2 mg/l C r (V I ) . At this concentration and pH mortality was 43% and 60% 
after exposure for 4 wk and 32 wk respectively. During the same period 
mortality of control f ish increased from 4% to 18% (F ig . 2b). Growth at pH 
6.5 was not affected by Cr (VI ) at all exposure concentrations tested. Sur-
vival of fish at 0.02 mg/l Cr (V I ) was also similar to that of the control f ish . 
A levin - th rough -ju vel i ne exposure 
Survival and growth data at the termination of the 32 wk alevin through 
juvenile exposure at different pH values are presented in Table I. 
Mortality of f ish at different time intervals of exposure is given in Fig. 3a-b. 
At pH 7.8 as well as at pH 6.5 only survival was observed to be affec-
ted during the f i rs t 8 wk of exposure to 2.0 mg/l C r ( V I ) . After this 8 wk 
exposure period complete mortality had occurred at pH 6.5, whereas the 
mortality percentage at pH 7.8 was only 56%. Mortality of the control group 
was 15%. The difference in mortality between controls and groups exposed 
to 0.2 and 0.02 mg/l Cr (VI ) respectively was less than 5%. 
Exposure of yearling trout 
Mortality of yearling trout occurred only in the group exposed to a con-
centration of 2.0 mg/l Cr (V I ) at pH 6.5. In this group 3 out of 10 fish 
died in the period from 6 - 12 wk after the start of the experiment. Data 
on growth and chromium induced changes in blood parameters after 1 , 3, 6 
and 12 wk of exposure are presented in Tables II and III for pH 7.8 and 
pH 6.5 respectively. Data on Na /K -ATPase activity of kidney and gill t i s -
sue after 12 wk of exposure are presented in Table IV. 
None of the exposure concentrations tested did affect growth, gill 
Na /K -ATPase act iv i ty, plasma glucose and plasma lactate concentrations. 
At pH 7.8 a transient increase occurred in hematocrit values during the 
f i rs t week of exposure to 0.2 and 2.0 mg/l C r ( V I ) . Kidney Na+/K+-ATPase 
activi ty was increased at a concentration of 2.0 mg/l Cr (V I ) after 12 wk of 
exposure. 
At pH 6.5 chromium-induced changes in blood parameters were observed 
at 2.0 mg/l Cr (V I ) and were not found to be of a transient nature. These 
changes included a significant increase in hematocrit values accompanied by 
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Na /K -ATPase activity in the microsomal fraction of the gills and kidney of 
yearling t rout exposed for 12 wk to various concentrations of Cr (V I ) at pH 
7.8 and pH 6.5. 
pH Exposure Na /K -ATPase activity 
cone. Gills Kidney 
(mg/l Cr (VI ) 
7.8 0.0 0.68 ± 0.32 2.48 + 1.61 
7.8 0.02 0.57 ± 0.29 3.78 ± 2.12 
7.8 0.2 0.73 ± 0.21 4.62 ± 2.48 
7.8 2.0 0.95 ± 0.63 5.02 ± 1.06 
6.5 0.0 0.52 ± 0.27 1.93 ± 0.73 
6.5 0.02 0.40 ± 0.29 3.20 ± 1.38 
6.5 0.2 0.55 ± 0.21 5.41 ± 1.55 
6.5 2.0 0.47 ± 0.63 4.32 ± 1.86 
Act iv i ty is expressed in pmol ATP hydrolyzed per mg protein per hour at 
37 °C (mean ± SD for 5 f i sh) ; Significantly different from control at 
**P<0.01 (Student's t - tes t ) . 
and a significant decrease in plasma osmolality and sodium concentrations 
after 1 , 3, and 12 wk of exposure. Histological alterations were found in 
the gills of f ish exposed to 2.0 mg/l Cr (V I ) at pH 6.5. These alterations 
included hypertrophy and hyperplasia of the gill epithelium, that increased 
in severity with increasing exposure times. A significant increase in 
Na /K -ATPase activity in kidney tissue was observed after 12 wk exposure 
to concentrations of 0.2 and 2.0 mg/l Cr (V I ) at pH 6.5 
DISCUSSION 
When survival was used as a criterion of toxic i ty, Cr (V I ) was more toxic 
at pH 6.5 than at pH 7.8. The lowest concentrations that induced an in -
crease in mortality relative to the controls, were 0.2 mg/l Cr (V I ) at pH 6.5 
and 2.0 mg/l Cr (V I ) at pH 7.8 for trout in the embryo-through-juvenile 
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exposure study. Hatchability was only affected at the highest concentration 
(2.0 mg/l CrVI) at pH 6.5. 
Pickering (1980) found that chronic exposure of fathead minnow to 
Cr (VI ) at a concentration of 3.95 mg/l adversely affected survival of both 
f i rs t - and second-generation fish whereas the hatching success of embryos 
was not affected. Sauter et al . (1976) reported on the toxicity of chromium 
to the eggs and alevins of seven fish species. In all tests survival and/or 
growth of alevins were affected at concentrations lower than those that af-
fected hatchabil ity. This is in accordance with the results obtained during 
the embryo-through-juvenile exposure in the present investigation. 
Based on survival it was found that at pH 6.5 fish from exposed em-
bryos in the embryo-through-juvenile exposure were more susceptible to 
Cr (V I ) than fish from unexposed embryos in the alevin-through-juvenile 
exposure. This has also been reported for rainbow trout chronically expo-
sed to lead (Davies et a l . , 1976). At pH 7.8 this difference in susceptibil ity 
was negligible and this seems to be in accordance with the effects of Cr (V I ) 
on brook trout as reported by Benoit (1976). 
Chromium-induced mortality in t rout at early life stages occurred within 
the f i rs t 24 wk of exposure, after which no fur ther increase in mortality 
was observed. Growth of these fish at the end of the exposure period of 
32 wk was not found to be significantly retarded. However, especially at 
the highest exposure concentration and a pH of 7.8, it could clearly be 
seen that the smaller fish were the f i rs t to die. This observation was also 
made by Pickering (1980) in studying the effects of Cr (V I ) on the fathead 
minnow. Growth effects at the higher exposure concentrations in the pre-
sent study could therefore have been masked by an increased mortality of 
the f i sh . 
In yearling trout only at a concentration of 2.0 mg/l Cr (V I ) and a pH of 
6.5 effects were found that were not of a transient nature. These effects 
included histological alterations in gi l ls, increased hematocrit and hemoglobin 
values, decreased plasma osmolality and sodium concentrations, and mortali-
ty at the last stage of exposure. 
Fish gills are involved in both osmoregulation and respiration, and re-
sults from acute exposure studies suggest that an impairment of these two 
functions are part of the physiological mechanism of Cr (V I ) toxici ty in f ish 
(Van der Putte et a l . , 1981b; 1981c). The increased hemoglobin and hema-
tocri t values may therefore reflect a hypoxic stress resulting in secondary 
polycythemia. Plasma glucose and lactate levels were not elevated by the 
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tested Cr (V I ) concentrations indicating that hypoxic stress, if it occurred, 
was at least not detrimental to the fish after prolonged exposure. However, 
plasma osmolality and sodium concentrations seemed to decrease with increa-
sing exposure time, indicating that t rout were not able to compensate ade-
quately for a loss of plasma ions. Mortality of yearling t rout after 6 - 1 2 wk 
of exposure to 2.0 mg/l Cr (VI ) at pH 6.5 was probably caused primarily by 
a disturbed osmotic and ionic balance in the f i sh . 
Gill Na /K -ATPase activity in yearling trout was not affected by C r (V I ) , 
whereas the activi ty in kidney increased at the higher exposure concentra-
tions. Kuhnert et al. (1976) also found that exposure of rainbow trout to 
2.5 mg/l Cr (V I ) for 48 h did not affect gill Na+/K+-ATPase activi ty s igni f i -
cantly. On the other hand kidney Na /K -ATPase activi ty in their study 
was inhibited which is in contrast with our findings after 12 wk exposure to 
approximately the same concentration. 
Inhibition of Na /K -ATPase activi ty in the ion-regulating tissues could 
therefore not have been the direct cause for a decrease in plasma osmolality 
and sodium concentrations in yearling trout exposed for 12 wk to 2.0 mg/l 
Cr (VI ) at pH 6.5. It may be that Cr (V I ) at the lower pH increased the 
permeability of the gills for water, as shown for mercury in t rout (Lock et 
a l . , 1981). Consequently a greater renal loss of ions may occur by an en-
hanced urine flow, which is not fu l ly compensated by an increased uptake 
of these ions via kidney and/or damaged gi l ls. 
In the present series of experiments test concentrations lower than 2.0 
mg/l C r ( V I ) , did not induce permanent alterations of the blood and plasma 
parameters of yearling t rout . Survival of t rout exposed at early life stages 
to Cr (V I ) was therefore a more sensitive indicator of toxic i ty. It can be es-
timated that the concentrations affecting trout survival during the embryo-
through-juvenile exposure lie between 0.2 and 2.0 mg/l Cr (V I ) at pH 7.8 
and between 0.02 and 0.2 mg/l Cr (V I ) at pH 6.5 respectively. Previously 
reported 96-h LC50 values for rainbow t rout (Van der Putte et a l . , 1981b) 
ranged from 12.2 to 65.5 mg/l Cr (V I ) at pH 7.8 and from 3.4 to 20.2 mg/l 
Cr (V I ) at pH 6.5 for f ish weighing from 0.2 to 25.0 g . 
These data clearly show that pH should be considered as an important fac-
tor in the evaluation of the toxici ty of Cr (V I ) to f ish in both acute and 
prolonged exposure studies. 
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General summary and conclusions 
At present chromium is a common contaminant in surface waters in many 
countries. In water the metal may be present in the tr ivalent form ( C r l l l ) 
or in the hexavalent form ( C r V I ) , the latter of which is more toxic to 
aquatic organisms. 
The investigations presented in this thesis were aimed at a thorough un-
derstanding of the mechanism of action of hexavalent chromium in f i sh . The 
process of uptake and elimination was studied in detail, while special atten-
tion was paid to physiological and histological alterations underlying the to-
xic effects. Water pH was taken into consideration as a varying environmen-
tal factor, because of its known influence on the oxidizing action of Cr (V I ) 
and on the distr ibution of the ionic species of Cr (V I ) in water. Rainbow 
trout (Salmo gairdneri) was used as the test-species. 
Chapter I describes the effect of pH on uptake, tissue distr ibution and 
retention of Cr (V I ) in t rou t . In t rout exposed to Cr (V I ) at pH 7.8 for 2-4 
days the highest contents of chromium were found in g i l l , l iver, kidney and 
digestive t ract . Upon transfer of exposed fish to tap-water, chromium dis-
appeared rapidly from blood, gil l and digestive t rac t , whereas chromium 
contents in liver tended to remain high and in kidney even tended to in -
crease. When the pH was decreased from 7.8 to 6.5, a dif ferent pattern of 
accumulation and elimination of chromium was observed. The major d i f feren-
ces were found in the gills which concentrated significantly more chromium 
at pH 6.5 than at pH 7.8, irrespective of the exposure time and concentra-
t ion. As the intensity of the electron-spin-resonance signal characteristic 
for tr ivalent or pentavalent chromium in the gills was somewhat higher at 
pH 6.5 than at pH 7.8, the differences must have been at least part ly due 
to the higher oxidizing action of Cr (V I ) at the lower pH. 
Chapter 2 deals with the effect of pH on the acute toxici ty of Cr (V I ) to 
t rou t . The lethal action of the metal increased with decreasing pH in the 
range from 7.8 to 6.5. Morphological changes that could be associated with 
acute Cr (V I ) poisoning at pH 7.8 were found in gi l ls , kidney and stomach, 
whereas those at pH 6.5 appeared to be restricted to the gi l ls . These f i n -
dings are in accordance with the results obtained in the Cr-uptake experi-
ments. Consequently, the general assumption that Cr (V I ) elicits its toxic 
effect in some internal organ and that the gil l is not the target organ in a-
cute Cr (VI ) tox ic i ty , is only appropriate at relatively high pH levels. At 
pH 6.5 the gills seems to be the primary target organ. 
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To explain the acute toxic effects, hydrochromate (HCr0 4 ) and Chromate 
( C r 0 4 2 ) were considered as the toxic species of C r ( V I ) . The relative tox i -
cities of these ionic species were calculated from empirical toxicity relation-
ships for weak acids in f ish , as described in the l i terature. By this calcula-
tion it was found that the relative toxicity of HCr04 to t rout was from 3.6 
to 11.9 times greater than that of C r 0 4 2 , depending on exposure time and 
fish weight. 
Chapter 3 reports on an in v i t ro study on transfer of oxygen and chro-
mium in gills of t rout . Gills were perfused according to the isolated head 
perfusion technique and externally exposed to Na2Cr04 solutions containing 
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C r 0 4 2 ' 
The results show that the transfer of chromium is directly coupled with the 
transfer of oxygen from the external solution to the internal perfusion me-
dium. Under similar conditions of oxygen transfer, however, chromium 
transfer was significantly more effective at pH 6.5 than at pH 8 . 1 . 
The data suggest that chromium is taken up by the blood by passive d i f fu -
sion from the external solution across the epithelium of the secondary lamel-
lae. In addition i t is indicated that the availability of the metal to the fish 
increases with decreasing pH. 
Gill preparations of t rout that were structural ly damaged by pre-exposure 
in vivo to C r ( V I ) , exhibited an impaired oxygen transfer. 
Chapter 4 describes the effect of Cr (V I ) on respiration and osmoregula-
tion in t rout . Recordings were made of the ventilation frequency, coughing 
rate and rate of oxygen uptake in t rout subjected to sublethal concentra-
tions of Cr (V I ) for 4 days at pH 7.8 and 6.5. 
During exposure no significant effect of chromium on oxygen uptake rate 
was detected. The ventilation frequency and coughing rate increased pro-
portionally to an increase in metal concentration, with fish being more sus-
ceptible at the lower pH. 
Alterations in blood and plasma variables determined after exposure ind i -
cated a significant dose-dependent decrease in plasma osmolality and elec-
trolyte concentrations, and an increase in hemoglobin, hematocrit, plasma 
glucose and lactate levels. The pattern of these changes was dependent on 
pH and exposure concentration, and seemed to be related with chromium-
induced histological alterations. The results indicate, that at pH 7.8 as well 
as at pH 6.5 both an osmoregulatory and respiratory dysfunction are part 
of the physiological mechanism of hexavalent chromium toxic i ty. 
In chapter 5 toxic effects of Cr (V I ) are described in t rout after pro-
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longed exposure at dif ferent pH values for periods of up to 32 weeks. Dif-
ferent developmental stages were studied. 
In all stages tested, f ish were more susceptible to Cr (VI ) at pH 6.5 than at 
pH 7.8. Fish in the embryo-through-juvenile stage were the most suscepti-
ble to C r ( V I ) . For this developmental stage it can be estimated that con-
centrations affecting survival lie between 0.2 and 2.0 mg/l Cr (V I ) at pH 
7.8 and between 0.02 and 0.2 mg/l Cr (V I ) at pH 6.5. 
Finally, the observed effects of a prolonged exposure are discussed in rela-
tion with the results of the short-term toxici ty tests described in the pre-
ceeding chapters. 
The toxicological evaluation of chromium in surface waters in the Nether-
lands is hampered by a lack of information on the proportion of tr ivalent 
and hexavalent forms of chromium in the total chromium content. Until now 
only total chromium contents have been determined at various sampling loca-
tions. If one compares the total chromium levels in Dutch surface water with 
the lowest toxic concentrations of Cr (V I ) in t rou t , it can not be excluded 
that chromium concentrations may locally exceed toxic levels for f i sh . How-
ever, a final conclusion can only be drawn when additional information on 
the chemical status of the metal in the aquatic environment in the Nether-
lands has been made available. 
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Algemene samenvatting en conclusies 
Chroom komt in veel landen als contaminant voor in het oppervlaktewater. 
Het metaal kan in water in de driewaardige vorm, C r ( l l l ) , en/of in de zes-
waardige vorm C r ( V I ) , aanwezig zi jn. Het zeswaardige chroom is toxischer 
voor aquatische organismen dan de driewaardige vorm. 
Het in dit proefschrift beschreven onderzoek had tot doel een diepgaand 
inzicht te verkri jgen in het werkingsmechanisme van zeswaardig chroom bij 
vissen. De opname en eliminatie van chroom werden grondig bestudeerd, 
terwij l tevens uitgebreide aandacht besteed werd aan de fysiologische en 
histologische veranderingen, die aan de toxische effecten ten grondslag l ig-
gen. De pH van het water werd als een variërende milieufactor in het on-
derzoek betrokken, daar het bekend is dat deze parameter van invloed is 
op de oxiderende werking van Cr (V I ) alsmede op de verdeling van de 
Cr(VI)-ionenspecies. Als proefdier werd de regenboogforel (Salmo gairdneri) 
gebruikt . 
In hoofdstuk 1 wordt het effect van de pH op de opname, weefselverde-
ling en retentie van Cr (V I ) bij de forel beschreven. Het bleek dat in forel-
len, die gedurende 2-4 dagen aan Cr(VI ) bij een pH van 7,8 blootgesteld 
waren, de hoogste concentraties chroom voorkwamen in kieuw, lever, nier 
en darmstelsel. Na de overbrenging in leidingwater van de blootgestelde 
vissen namen de chroomconcentraties in bloed, kieuwen en darmstelsel snel 
af, terwij l de chroomconcentratie in de lever hoog bleef en die in de nier 
zelfs toenam. 
Bij een verlaging van de pH van 7,8 tot 6,5 werd een ander accumulatie-
en eliminatiepatroon van chroom waargenomen. De belangrijkste verschillen 
traden op in de kieuwen, die significant meer chroom accumuleerden bij pH 
6,5 dan bij pH. 7,8, onafhankelijk van de blootstellingsduur en de concen-
trat ie. In het kieuwweefsel werd tevens een electron-spin-resonantiesignaal 
waargenomen, dat karakteristiek was voor driewaardig of vijfwaardig chroom. 
De intensiteit van dit signaal was bij vissen, die waren blootgesteld bij pH 
6,5 enigszins hoger dan die welke waren blootgesteld bij pH 7,8. 
Hieruit kan worden geconcludeerd dat de waargenomen verschillen op zijn 
minst ten dele veroorzaakt zijn door de grotere oxiderende werking van 
Cr (V I ) bij de lagere pH waarde. 
In hoofdstuk 2 wordt de invloed beschreven van de pH op de acute tox i -
citeit van C r ( V I ) . De letale werking van het metaal nam toe met een dalen-
de pH (7,8 naar 6,5) . Morfologische veranderingen traden na een acute 
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Cr(VI ) -verg i f t ig ing bij pH 7,8 op in de kieuwen, nier en maag, terwijl deze 
bij pH 6,5 alleen werden waargenomen in de kieuwen. 
Deze bevindingen kwamen overeen met de resultaten, welke waren verkre-
gen in de Cr-opname experimenten. Op basis van deze gegevens kan men 
concluderen dat de algemeen verbreide opvatt ing, dat Cr (V I ) zijn toxische 
werking in één der interne organen uitoefent en de kieuw niet het primaire 
effector-orgaan is bij een acute Cr (VI ) verg i f t ig ing, slechts bij relatief ho-
ge pH waarden geldig is. De resultaten wijzen erop dat de kieuw bij pH 6,5 
het primaire effector-orgaan is. Ter verklar ing van de pH afhankelijke tox i -
citeit werd aangenomen, dat hydrochromaat (HCr0 4 ) en chromaat ( C r 0 4 2 ) 
als de toxische species van Cr (V I ) beschouwd kunnen worden. De relatieve 
toxiciteit van deze ionenspecies werd berekend de hand van empirische tox i -
citeits-relaties, zoals die in de l i teratuur voor zwakke zuren bij vissen be-
schreven zi jn. Door middel van deze methode werd berekend dat de relatie-
ve toxiciteit van HCr04 voor de fore l , afhankelijk van de blootstellingsduur 
en het gewicht van de vissen een factor 3,6 tot 11,9 groter was dan die 
van C r 0 4 2 . 
In hoofdstuk 3 wordt een m vi t ro onderzoek beschreven naar de over-
dracht van zuurstof en chroom in de kieuwen van de forel . Kieuwen werden 
geperfuseerd volgens de geïsoleerde kop perfusietechniek en vervolgens ex-
tern blootgesteld bij pH 8,1 en 6,5 aan Na2Cr04 oplossingen, gemerkt met 
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C r 0 4 z . De overdracht van chroom bleek direct gekoppeld te zijn aan de 
overdracht van zuurstof uit de externe oplossing naar het interne perfusie-
medium. De overdracht van chroom was echter significant effectiever bij pH 
6,5 dan bij pH 8,1 en di t bij identieke omstandigheden van zuurstofover-
dracht. Structureel beschadigde kieuwpreparaten afkomstig van forel len, die 
in vivo waren blootgesteld aan C r ( V I ) , vertoonden een geremde zuurstof-
overdracht. 
De resultaten ondersteunen de hypothese dat chroom via een passief d i f fu -
sieproces uit de externe oplossing door het epitheel van de secundaire la-
mellen in het bloed wordt opgenomen. Bovendien wijzen de bevindingen erop 
dat de beschikbaarheid van het metaal voor de vis toeneemt bij een dalende 
pH. 
In hoofdstuk 4 wordt het effect van Cr (V I ) op de respiratie en osmore-
gulatie bij de forel beschreven. De ademhalings- en hoestfrequentie en de 
snelheid van zuurstofopname werden geregistreerd bij forellen die geduren-
de 4 dagen aan subletale Cr(VI)-concentraties werden blootgesteld bij pH 
7,8 en 6,5. Tijdens de blootstelling werden geen significante effecten van 
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chroom op de zuurstofopnamesnelheid waargenomen. De ademhalings- en 
hoestfrequentie namen proportioneel toe met een toenemende metaalconcen-
t rat ie , terwij l de gevoeligheid van de vissen groter was bij de lagere pH 
waarde. De veranderingen in bloed- en plasmaparameters, die na de bloot-
stelling werden bepaald, bestonden uit een significante en dosis-afhankelijke 
afname in osmolaliteit en elektrolytconcentraties en een toename in hemoglo-
bine-, hematocriet-, glucose- en lactaatwaarden. Het patroon waarin deze 
veranderingen optraden was afhankelijk van de pH en de blootstellingscon-
centratie en scheen gerelateerd te zijn aan de door chroom geïnduceerde 
histologische veranderingen. De resultaten wijzen erop, dat een verstoring 
van respiratie- en osmoregulatieprocessen, zowel bij pH 7,8 als bij pH 6,5 
deel uitmaken van het toxische werkingsmechanisme. 
In hoofdstuk 5 wordt een beschrijving gegeven van de toxische effecten 
van Cr (V I ) bij de forel na langdurende blootstelling bij verschillende pH 
waarden. Verschillende leeftijdsstadia werden onderzocht met een maximale 
blootstellingsduur van 32 weken. 
Er werd waargenomen dat alle onderzochte leeftijdsklassen gevoeliger waren 
voor chroom bij pH 6,5 dan bij pH 7,8. Vissen in het embryo-juvenile sta-
dium bleken echter het gevoeligst te zi jn. Concentraties die de overleving 
in dit leeftijdsstadium beïnvloedden, lagen naar schatting tussen 0,2 en 
2,0 mg/l Cr (V I ) bij pH 7,8 en tussen 0,02 en 0,2 mg/l Cr (VI ) bij pH 6,5. 
In de discussie van di t hoofdstuk worden de effecten van langdurende 
blootstelling vergeleken met de effecten na kortdurende blootstell ing, die in 
de voorgaande hoofdstukken zijn beschreven. 
Tenslotte kan worden gesteld dat de toxicologische evaluatie van chroom 
in het Nederlandse oppervlaktewater wordt bemoeilijkt door het gebrek aan 
informatie over de relatieve concentraties waarin C r ( l l l ) en/of Cr (V I ) voor-
komen. Tot nu toe is uitsluitend het totale chroomgehalte op verschillende 
monsterpunten bepaald. 
Bij een vergeli jking van de totale chroomgehaltes in het Nederlandse opper-
vlaktewater met de laagste Cr(VI )-concentraties, welke toxisch zijn voor de 
fore l , kan het niet uitgesloten worden geacht dat de toxische niveaus voor 
vis incidenteel worden overschreden. Een definitieve uitspraak kan echter 
pas worden gedaan, wanneer meer informatie over de chemische status van 
het metaal in het aquatische milieu in Nederland beschikbaar komt. 
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